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CHAPTER 1 
INTRODUCTION 
 
1.1 BACKGROUND 
 
In 1950, it was proposed by Rainwater, Bohr and Mottelson (Rainwater, 1950; Bohr, 
1951a; Bohr and Mottelson, 1953) that rotation is a natural consequence of the nucleus 
moving away from a spherical shape. Quantum mechanically a spherical symmetric system 
cannot rotate. Rotational excitations appear only when spherical symmetry is broken. A 
nucleus can, therefore, rotate if the distribution of the mass, the charge density or, the 
current density inside the nucleus becomes non-spherical. This rotation is known as 
collective rotation because many of the nucleons (proton and neutrons) are involved. Bohr 
(1951b) and Bohr and Mottelson (1975) used this concept of collective rotation to develop a 
model for collective phenomenon and suggested the method of coulomb excitation for 
populating the rotational bands. The experimental and theoretical studies received a major 
momentum after the discovery of back-bending phenomenon in the ground state rotational 
bands of the even-even nuclei in the 1970’s  and also after the development of the powerful 
shell correction method by Strutinsky (1967). With the availability of heavy ion 
accelerators, it became possible to identify the band structures up to high-spin states.   Due 
to the recent developments in large gamma-ray detector arrays such as GAMMASPHERE, 
EUROBALL etc., and sophisticated gamma-ray analysis techniques for discovering the 
band structures, we now have a large amount of data for one-quasiparticle (1qp) and multi-
quasiparticle (MQP) states. Many interesting and varied nuclear properties and phenomena 
have come to light from these high-spin studies. As we go to higher angular momentum the 
Coriolis and centrifugal forces become more and more important. They affect the properties 
of the nuclei by changing the pairing correlations, equilibrium shape of the nucleus and most 
importantly by changing the pattern of angular momentum generation. This is because the 
angular momentum in the nucleus may be generated by pure collective motion, pure single 
particle motion and finally a combination of the two. This gives rise to the observation of the 
well known phenomena of back-bending, band-crossing, decoupled bands and yrast traps 
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etc. (Bengtsson et al., 1978; Bonatsos, 1985; Foin et al, 1985; Garret et al, 1982; Holzmann 
et al., 1983; Stephens et al., 1964; Stephens et al., 1972; Stephens, 1975). Much theoretical 
work has also been done to obtain proper understanding of these new features. The two main 
approaches existing in the literature for an understanding of these high-spin features are the 
Cranked Shell Model approach (Wheldon et al., 1999; Xu et al., 1998) and the particle plus 
rotor model approach (Flaum and Cline, 1976; Larsson et al, 1978; Ragnarsson and 
Semmes, 1988; Jain et al., 1989; Goel and Jain, 1992). However there have been no 
quantitative calculations for the high-spin features of the three-quasiparticle (3qp) rotational 
bands by using the particle plus rotor model approach.  
Our compilation of data (Singh et al., 2006b) of three-quasiparticle intrinsic 
excitations in the mass region A=153-187 (Z = 63-78, N = 88-112) indicated the richness of 
the 3qp data now available.  It is therefore now possible to carry out a systematic study of 
these intrinsic excitations and the rotational bands based on them. The main focus of the 
study presented in this thesis is on the 3qp rotational bands and a theoretical understanding 
of the various high-spin features exhibited by these bands. 
 
1.2 THREE-QUASIPARTICLE INTRINSIC EXCITATIONS 
 
In odd-A nuclei, the states of next higher seniority following the 1qp excitations are 
the 3qp excitations. At excitation energy ≥  1MeV, which is approximately the energy gap in 
the rare-earth region, a proton or a neutron pair can break up and form a 3qp state in an odd-
A nucleus. Two kinds of 3qp states are possible; those having all the three particles of same 
kind (nnn/ppp) and others having a combination of two kinds of particles (nnp/ppn). In a 
deformed nucleus, the coupling of three-quasiparticles in the Nilsson states having K values 
say 1K , 2K and 3K leads to a quadruplet with the resultant 1 2 3K K K K= ± ± . The couplings 
corresponding to these four situations are shown in Fig. 1.1(a, b). 
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          Fig. 1.1(a) The couplings corresponding to 1 2 3K K K K= + + , 1 2 3K K K K= + −  and   
        1 2 3K K K K= − + +  situations. 
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Fig. 1.1(b) The coupling corresponding to 1 2 3K K K K= − +  situation.  
 
It was pointed out by Gallagher and Moszkowski (1958) that in the case of odd-odd nuclei a 
triplet state (neutron and proton single particle states having parallel spins) always lie lower 
in energy than the singlet state (neutron and proton single particle states having opposite 
spins). But in the case of doubly even nuclei, the reverse is the situation i.e. the residual 
interaction between two quasiparticles lowers the singlet state in energy (Gallagher, 1962). 
Jain and Jain (1992) generalized these Gallagher-Moszkowski (GM) rules for the 3qp states 
and proposed two strong rules for nnp/ppn configurations. According to these rules the state 
having all the spins in same direction ( )⇑↑↑  cannot be lowest in energy and state having 
spins of like particle parallel ( )↑↑ and that of unlike particles anti-parallel ( )⇑↓ will be 
highest in energy. Here⇑ denotes the spin of unlike particle and ↑↑  denotes the spins of two 
like particles. Jain and Jain (1992) also proposed one strong rule for nnn/ppp configurations. 
According to this rule the state having all the spins in same direction ( )↑↑↑  will be the 
highest in energy. But the ordering of all the four members of a quadruplet for a given 3qp 
configuration was still an unresolved problem. We have also focused on this problem in this 
thesis. 
 
j1 
j3 
J 
j2 
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1.3 CLASSIFICATION OF BANDS 
 
 We know that two types of 3qp configurations are possible, those having all the three 
particles of the same kind (nnn/ppp) and others having a combination of two types of 
particles (nnp/ppn). The band structure of these two types of configurations will be different 
from each other because of the following reasons: 
(a) In case of odd-odd nuclei, triplet state lies lower in energy than the singlet state. 
But opposite is the situation in the case of even-even nuclei. 
(b) GM splitting energies in case of even-even nuclei is generally 3 to 4 times larger 
than that in the odd-odd nuclei. 
(c) The residual interaction parameters of even-even nuclei are entirely different 
from the residual interaction parameters of odd-odd nuclei. 
(d) The odd-even shift for K=0 bands in case of even-even nuclei is opposite in sign 
from that of odd-odd nuclei. 
 
A detailed study of these two types of bands will lead to a better understanding of the 
residual interactions among odd-odd and even-even nuclei. 
 
1.4 BEHAVIOR OF THREE-QUASIPARTCILE ROTATIONAL BANDS 
 
1.4.1 Signature splitting 
 
Jain et al. (1988, 1989) studied the rotational bands based on two-quasiparticle (2qp) 
intrinsic excitations in doubly-odd nuclei in the framework of particle-rotor-model 
calculations. They have pointed out a number of interesting features such as the odd-even 
staggering in the K
−
 bands but almost no staggering in the K+  bands. These calculations 
highlighted the role of various mechanisms responsible for the odd-even staggering. They 
have also pointed out that the Coriolis force and the particle-particle couplings are active to 
very high orders and the various bands develop many interconnections because of these 
terms. Goel (1992) pointed out that in case of even-even nuclei, the K
−
and K+ bands also 
exhibit varying degree of staggering and also that many of the K+ bands which originate 
 16 
from the high-j configurations exhibit a greater odd-even staggering than the K
−
partner 
bands though K is very large. Goel and Jain (1992) noted a similar picture, as observed in 
odd-odd nuclei, of interconnections of various bands due to rotor-particle and particle-
particle couplings. The explanation of signature effects (signature splitting and signature 
inversion) exhibited by the 3qp rotational bands in the framework of the Three-Quasiparticle 
Plus Axially Symmetric Rotor Model (TQPRM) is the main focus of this thesis. Since 
complete and confirmed quadruplet and hence rotational bands based on them in any nuclide 
is yet to be observed, we will explore the behavior of staggering pattern for all the members 
of a quadruplet on the basis of Coriolis calculations. As pointed out for the 2qp bands 
observed in odd-odd and even-even nuclei, we notice that in case of the 3qp rotational bands 
also, the rotor-particle couplings are active to a very high orders and various bands develop 
interconnections because of these terms. 
 
1.4.2 Signature Inversion 
 
Whenever an expected favored branch (lower in energy) becomes unfavored at 
higher spins, it is known as signature inversion. This phenomenon has recently attracted a 
lot of attention both in experimental and theoretical works. Bengtsson et al. (1984) 
interpreted this phenomenon by the Cranked Shell Model as a consequence of a triaxial 
deformation with positive γ- deformation parameter. They have pointed out that signature 
inversion can be expected in the 2qp and 3qp bands of γ- soft nuclei when one of the valence 
nucleons lies in a low- Ω  orbital of high-j shell and the other valence nucleon lies in a high-
Ω  or a medium- Ω  orbital of high-j shell. A large amount of experimental information has 
been collected showing that the πg9/2 νg9/2 bands in A=80, as well as, the πh11/2 νh11/2 bands 
in A=130 and the πh11/2 νi11/2 bands in A=160 mass regions systematically show signature 
inversion (Komatsubara et. al., 1993). Jain and Goel (1992) demonstrated that in case of 
odd-odd nuclei, the signature inversion is a result of Coriolis mixing arising from the 
coupling of the h11/2 proton orbitals and i13/2 neutron orbitals. A systematic study of the 
signature inversion phenomenon in the rare-earth region was presented by Goel and Jain 
(1996, 1997) which used only the higher order Coriolis effects to explain the signature 
inversion. A new phenomenon of signature reversal in the K=3 and 4 bands of the even-even 
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nucleus 170Yb was also pointed out by Goel and Jain (1994) and explained by the Coriolis 
mixing calculations. Other calculations required γ values to account for the experimental 
data which were in many cases much larger than the γ – values obtained from the potential 
energy surface calculations indicating that triaxiality is not sufficient to interpret the 
phenomenon of signature inversion. This point has also been supported by Hamamoto 
(1990) and Ragnarsson and Semmes (1988) on the basis of the particle-rotor-model 
calculations. In another explanation, it has been suggested that the proton-neutron residual 
interaction may also lead to signature inversion (Hamamoto, 1986; Cederwall et al., 1992; 
Tajima, 1994) and recently the role of mean field contribution of the quardrupole pairing 
interaction has also been cited as a possible reason (Xu et al., 2000). These calculations 
describe reasonably well the behavior of the signature inversion within one or two regions. 
Zheng et al. (2001) suggested that the competition between the proton-neutron residual 
interaction and the Coriolis interaction could be a universal mechanism of the signature 
inversion in doubly odd nuclei for different mass regions. In the present thesis we also focus 
on this problem of signature inversion in the 3qp rotational bands having nnn type 
configurations. 
 
1.5 OBJECTIVE AND IMPORTANCE OF THE STUDY 
 
An explanation of the various features exhibited by the 1qp and the 2qp rotational bands 
by using the particle-rotor-model approach has been discussed in great detail (Flaum and 
Cline, 1976; Ragnarsson and Semmes, 1988; Jain et al., 1989; Goel and Jain, 1992). But 
there is no quantitative calculation available for an explanation of the various features 
exhibited by the 3qp rotational bands by using the particle-rotor-model approach. Since our 
main objective in future is the development of a universal model as well as its computational 
subroutines for the particle-rotor-model approach, the work presented in this thesis is an 
important step in this direction.  
This thesis mainly deals with the properties of the 3qp rotational bands in odd-A nuclei 
and their explanation in terms of intricate Coriolis and particle-particle coupling 
calculations. This study is especially restricted to the following aspects: 
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1. The compilation of data on 3qp states in the mass region 153 187A≤ ≤  and 
extraction of various features exhibited by the experimentally observed 3qp 
bands. 
2. The formulation of a Three-Quasiparticle Plus Axially Symmetric Rotor model 
for explanation of various features such as the signature effects exhibited by 
these bands. 
3. The development of a complete empirical model for band-head energy 
calculations by including all the possible contributions from the various terms 
such as Coriolis, particle-particle interaction and irrotational terms. 
4. A statistical analysis of the existing 3qp data within the frame work of Random 
Matrix Theory. 
5. Framing of rules to predict the energy ordering of the members of a quadruplet of 
a given 3qp configuration. 
 
The work presented in this thesis will be useful to various research groups working in 
nuclear structure physics in the following ways: 
 
1. We have presented complete, confirmed and updated experimental information 
of 171 3qp rotational bands observed in 58 nuclei. We have pointed out the 
various high-spin features such as tilted rotational band, band termination, high-
K isomers, signature splitting, signature inversion, back-bending and band-
crossing etc. The various theoretical and semi-empirical approaches existing in 
the literature for explanation of these features has also been discussed briefly. So 
this work reflects the existing experimental and theoretical information about the 
3qp rotational bands. 
2. The main part of the work presented in this thesis is the development of the 
Three-Quasiparticle Plus Axially Symmetric Rotor Model (TQPRM) and its 
applications to the 3qp rotational bands for an explanation of various features 
mainly the signature effects. Although the present model with further additions 
such as the pairing effects and inclusion of γ  deformations, will have large 
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number of applications but we have presented here the simplest version. The 
present TQPRM highlights the following features of the 3qp rotational bands: 
 
(a) The role of the Coriolis and particle-particle interactions for an 
explanation of the observed signature splitting in the 3qp rotational 
bands. 
 (b)  The variation of phase of staggering within the members of a given  
3qp quadruplet. As we have pointed out that complete and confirmed 
quadruplet and hence rotational bands based on them are yet to be 
observed in any nuclide. So these calculations will be useful for 
identification of the unobserved members of the 3qp quadruplets. 
(c) These calculations will be useful for the prediction of the band-heads 
in those 3qp bands where low lying members are not observed 
experimentally. 
(d) These Coriolis mixing calculations will also be useful for  
confirmation of the configuration assignment, spin and parity 
assignments in those cases which do not have enough experimental 
information for complete identification of their confirmed nature. 
 
 3. In one part of this thesis, we have presented an empirical rule for testing the 
favored signature in case of the 3qp rotational bands. This work is useful to 
experimentalists for configuration assignments, spin and parity assignments and 
prediction of signature inversion in the unobserved part of a band. In our 
compilation of data on 3qp states we have pointed out that there are seven tilted 
rotational bands and out of these seven bands only five bands exhibit signature 
splitting. The violation of the rule in these cases confirms the fact that signature 
does not remains a good quantum number under tilted rotation.  
 4. The statistical analysis of the 1qp and the 3qp excitations in the frame work of 
Random Matrix Theory highlight the ideas that both 1qp and 3qp data sets 
conform to the Poisson-type energy-level fluctuations. Although the data set for 
3qp bands is not very large, but the analysis with existing data highlight the fact 
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that there is no further breakdown of symmetries or loss of integrability as we go 
from the 1qp excitations to the 3qp excitations. 
5. We have revised the existing model of Jain and Jain (1992) by incorporating all 
the possible contributions from rotor-particle coupling, particle-particle coupling 
and irrotational part of the Hamiltonian. This revised version of model will be 
useful to the experimentalists for the configuration assignments to the band-
heads. In the present thesis we have used this revised version of model for 
generalization of the GM rules for fixing the ordering of all the members of 3qp 
quadruplet for nnn/ppp and npp/pnn configurations. 
 
Computer codes in Fortran 77 have been written and tested for all the models and 
calculations presented in this thesis. It may be pointed out that only some applications of the 
TQPRM have been presented here. It is expected that the model will become a very 
powerful tool when combined with the 1qp rotor model and the γ -deformation is 
incorporated. 
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CHAPTER 2 
 
EXPERIMENTAL DATA ON THREE-
QUASIPARTICLE BANDS AND THEIR UNUSUAL 
FEATURES 
 
2.1 INTRODUCTION 
 
The population of three-quasiparticle (3qp) bands is generally weak and these could 
only be investigated in detail in recent years. Advent of large gamma-ray detector arrays 
such as GAMMASPHERE, EUROBALL, and the improved gamma-ray analysis techniques 
for discovering band structures and isomers have given a push to the observation of 3qp and 
multi-quasiparticle (MQP) excitations. As a consequence of sophisticated experimental 
facilities and gamma-ray analysis techniques, now we have extensive experimental data on 
3qp states. In this chapter we presented complete, confirmed and updated information for 
3qp rotational bands. Confirmed in the sense that recent structures are based on 
experimentally measured quantities such as B(M1)/B(E2) ratios, gK-gR values, lifetimes 
etc. and complete in the sense that we presented the information by deducing the 
B(M1)/B(E2) ratios andgK-gR values where these were not given in the original papers 
but could be deduced from available experimental data in the publications. All the new 
references appeared after cutoff date (July 15, 2005) of our compilation (Singh et al., 2006b) 
have been included in the present chapter. Thus, the present chapter with a collection of 171 
3qp bands in 58 nuclides replaces the old compilation (Jain et al., 1990) having only 48 
bands in 20 nuclides. Out of these 48 3qp bands of old compilation, 6 bands have been either 
assigned a structure different from 3qp structure or do not possess enough experimental 
evidence to qualify as a 3qp band; 2 bands, whose tentative nature has now been confirmed 
and 3 bands, have been assigned a new 3qp configuration on the basis of alignment and Kg  
factor etc. Except for the above-mentioned 6 bands, remaining 42 bands (along with their 
present structure) have been included in this chapter. 
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In this chapter, we present a collection of experimentally known 3qp bands in the 
mass region A=153-187 ( Z = 63-78, N = 88-112), and present a table of the energy levels, 
spins and parities, and other observed or deduced characteristics in 58 nuclides. Most of the 
bands included here start out as 3qp bands at the bandhead. However, the complete band, i.e. 
including the top portion where it may have undergone band crossings, is listed once it starts 
as a 3qp band. The cutoff date for collection of data from original publications is September 
15, 2007. 
All the nuclei included in the compiled Table are shown in Fig. 2.1(a, b). Each 
nucleus is assigned a box that exhibits the total number of observed 3qp bands, minimum 
excitation energy, minimum and maximum spins assigned in these bands, the corresponding 
parities, and the number of bands which exhibit signature splitting and signature inversion. 
The largest concentration of 3qp bands is found in the A=180 mass region, where seven Re 
isotopes, six Lu isotopes, seven Ta isotopes and eight Hf isotopes, exhibit 28, 27, 26, and 22 
bands, respectively.  
 
2.2 SALIENT FEATURES OF THREE-QUASIPARTICLE BANDS 
 
1. These are mostly well deformed structures: ε  ≥ 0.2.   
2. Their bandheads lie at higher excitation energy (≥1 MeV) and have high spins 
(I~ 5-18η). 
3. These bands exhibit both ∆I=1 and ∆I=2 structures. 
4. For ∆I=1 bands, crossover E2 transitions are seen in many cases. The resulting 
B(M1)/B(E2) ratios and the gK-gRvalues lie in the range of 0.01 – 13.8 
(µN/eb)2 and 0.01- 0.76, respectively. Only in one case (a level in band #5 of 
183W), B(M1)/B(E2) ratio is 36.4 (µN/eb)2. 
5. These bands carry dynamical moment of inertia ℑ(2) close to that of the other 
normal deformed bands.    
6. Signature splitting is observed in many cases. Signature inversion is also seen in 
some 3qp bands. 
7. Few of these bands also display back-bending and band-crossing phenomenona. 
8. Most of these bands are regular in nature.                
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77Ir 
 
     2       
(23/2-)  (37/2-) 
 
   
 
76Os 
 
  1                1.7 
(21/2-)  (27/2-) 
   1                2.3 
(25/2-)  (53/2-) 
SS(1)      SI(1)   
  
 
75Re 
 
     1                1.3 
(15/2)    (39/2) 
SS(1)       
   
 
74W 
 
  1                1.9 
23/2-     (59/2-)
SS(1)      SI(1) 
 1                1.8 
23/2-     (61/2-)
SS(1)      SI(1) 
    
 
72Hf 
 
    
 
1                1.7 
23/2-      67/2- 
   2                1.7 
(15/2+) (53/2-)  
SS(1)     SI(1)       
 
71Lu 
1               2.4   
25/2+      45/2+ 
SS(1) 
  2                2.4 
21/2+      69/2+ 
SS(2)      SI(2) 
 1                2.5 
27/2+      85/2+ 
SS(1)       
   
 
 70Yb 
 
      4                1.7 
5/2+       (69/2+) 
 
 1             (3.8) 
(37/2-)  (63/2-)  
SS(1)   
   
69Tm 
2                 2.3 
27/2+       73/2- 
SS(2)      SI(2) 
      2                1.6 
17/2-      (53/2-) 
SS(2)     SI(1) 
 
 
  68Er 
 
1                2.4 
(23/2- ) (53/2-) 
SS(1)      SI(1) 
 1                2.3 
21/2-     (87/2-)
SS(1)       
   9                1.2 
3/2+        75/2+ 
SS(3)      SI(1) 
  
  
  67Ho 
 
 2                2.3 
23/2+      73/2+ 
SS(1)      SI(1) 
 
   
 
1                 1.5 
(17/2+)  (37/2+) 
 
   
 66Dy 
 
1                2.0 
25/2-       93/2- 
SS(1)      SI(1) 
        
    
65Tb 
2                 2.6 
23/2(+)  (51/2+) 
SS(1) 
1                2.7 
27/2(+)  (79/2+)
 
       
  
 64Gd 
 
1                1.5 
21/2-    (45/2-) 
 
        
 
  63Eu 
  1                1.8 
19/2-       29/2- 
 
       
N→ 88 89 90 91 92 93 94 95 96 97 
 
Fig. 2.1(a) Chart of Z vs. N for the 3qp states included in this chapter. 
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78Pt 
     1                3.1 
(33/2-)  (47/2-) 
SS(1)     
 1              1.9 
25/2-       47/2- 
SS(1)     SI(1) 
 
 
77Ir 
  6                1.8 
19/2+    (53/2+) 
SS(2)     
      
 
76Os 
   3                1.7 
21/2+       71/2- 
SS(2)      
 2                1.6 
15/2-     (51/2-) 
SS(1)     SI(1) 
 2               1.6 
19/2+    (55/2-) 
SS(2)    
 
 
75Re 
5                1.4 
15/2+    (49/2+)  
SS(2)      
 5                1.3 
15/2-   ( 31/2+) 
SS(1)         
 5                1.7 
17/2+       55/2- 
SS(4)     
 9               1.6 
(11/2+)   49/2+                                                                                                                                                                                                              
SS(1)    
  2                1.5 
19/2-    (21/2+)
 
74W 
 
2                1.6 
19/2+      37/2+  
SS(1)  
 6                0.7 
(3/2)+    (53/2-) 
SS(1)     SI(1) 
 
  5                1.7 
19/2-      31/2(-) 
 
 
 
73Ta 
4                1.6 
17/2+     (47/2)  
SS(1)    
 9                1.3 
3/2-      (47/2+) 
SS(1)      
 4                1.3 
21/2-     (41/2-) 
SS(1)      
 4                1.4 
15/2-      29/2- 
 
 1                1.3 
21/2-      
 
72Hf 
 2                1.4 
19/2+      39/2-  
 3                1.3 
19/2-       39/2+ 
 
 6                1.1 
(17/2+)  (37/2-) 
 
 3                1.0 
(17/2+)  (25/2-) 
 
 
 
71Lu 
  4                1.4 
(9/2+)      19/2+       
-
 
 
15              1.0 
7/2+         37/2- 
    
 
70Yb 
   4                1.5 
1/2+          3/2+    
 
 1               1.2 
15/2+      21/2+ 
   
N→
 
102 103 104 105 106 107 108 109 112 
 
 
Fig. 2.1(b) Same as Fig. 2.1(a). See the key (inset) for nomenclature of entries in each          
                  box. 
             
75Re 
  1              1.8 
(19/2)  (41/2) 
 
            
73Ta 
1            2.2 
(23/2+)  (43/2+) 
 3               1.5 
17/2-   (59/2+) 
SS(2)    SI(1) 
 
          
72Hf 
 2               1.6 
19/2+    47/2-   
SS(1)    SI(1) 
 3               1.1 
(13/2+)  41/2+  
 
          
71Lu 
  4           1.2 
13/2+  (61/2+)   
SS(2)           
 
N→ 96 99 100 101 
 
 
No. of bands                        Emin(MeV) 
 
Ipi (min.)                                Ipi(max.) 
 
SS = Signature                    SI = Signature  
        Splitting                              Inversion 
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2.3 THEORETICAL APPROACHES FOR IDENTIFICATION OF THREE-
QUASIPARTICLE STRUCTURES 
 
There are mainly two kinds of models, one based on the Cranking Model, which 
leads to the Cranking Shell Model (CSM) (Wheldon et al., 1999; Xu et al., 1998) and self-
consistent approach like the Cranked Hartee-Fock-Bogolyubov calculations (Szymanski, 
1983; Voigt et al., 1983). The other approach is based on the treatment of valence particles 
coupled to the rotor core called Particle Plus Rotor Model approach (PPRM). We give a 
brief description of these two approaches in the following sections. 
   
2.3.1 Particle Plus Rotor Models 
 
This approach provides an interesting alternative for the calculation of nuclear 
properties at high angular momentum. The PPRM formulation is in terms of angular 
momentum, a physical observable in the experiments. Also these classes of models are 
intuitively simple and a direct comparison with the experimental data can be made. Many 
versions of these models are now available which differ in shape of core (axially symmetric, 
asymmetric or octupole) and number of valence particles treated (Larsson et al., 1978; 
Ragnarsson and Semmes, 1988, Jain et al., 1989; Goel and Jain, 1992; Flaum and Cline, 
1976). More recently a many particle plus rotor model has been presented by Carlsson and 
Ragnarsson (2006), which follows a slightly different approach. It is possible to obtain a 
basic understanding of high-spin phenomena by using these models in terms of the familiar 
concepts like Coriolis force, alignment of spin and band-crossing etc. But no quantitative 
calculations for 3qp bands using the Three-Quasiparticle Plus Axially Symmetric Rotor 
(TQPRM) exist in the literature. We have developed the TQPRM for explanation of high-
spin features of the 3qp bands. Details of the formulation of this model are given in chapter 
4 and its applications to the 3qp bands have been presented in chapter 6.  
 
 
 
 
 26 
2.3.2 Potential-Energy Surface (PES) and Cranked Shell Model (CSM) calculations 
 
 In another approach to understand the excitation energies and the shapes of MQP 
configurations, the potential-energy surface calculations of Xu et al. (1998) have also been 
used. For example, Purry et al. (2000) apply this method to 183Re where occupied orbitals 
are fixed for each quasiparticle configuration and the shape is varied to minimize the 
excitation energy. These calculations ignore the residual nucleon-nucleon interactions. This 
method is also helpful in the assignment of a configuration to a MQP state. 
 Many authors have also used the Cranked Shell Model (CSM) calculations 
(Bengtsson and Frauendorf 1979a; Bengtsson et al., 1986) to make specific single-particle 
configuration assignments. The CSM calculates the quasiparticle energies e′ in the rotating 
frame providing Routhians as a function of the rotational frequency  ηω. The alignment i 
can be calculated as i = - de′/dω. These calculations also ignore the residual nucleon-nucleon 
interactions. The experimental values of the Routhians and alignments (see sec. 2.4.2) are 
also extracted from the data and compared with the theoretical results. This also helps in 
identifying the quasiparticle configuration of a rotational band. As examples, we cite the 
works of Evans et al. (2006) for 157Er and Vlastou et al. (1994) for 155Dy. 
 
2.4 EXPERIMENTAL INPUTS TO THE QUASIPARTICLE CONFIGURATION 
ASSIGNMENTS 
 
2.4.1 B (M1)/B (E2) ratios and gK-gRvalues 
 
 Several papers, for example Walker et al. (1994), discuss the most commonly used 
methodology for assignments of angular momentum, parity, and the configuration of each 
band. If the Coriolis perturbations are not large, it is reasonable to assume that the quantum 
number K of a band is equal to the spin of the bandhead. If high-j orbitals are involved in the 
configuration, this assumption is only approximately valid. Most of the papers proceed to 
extract the intrinsic gyromagnetic factor ,Kg and the B(M1)/B(E2) ratio by using the 
experimental information on the gamma ray energies, intensities, and angular 
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distribution/correlation measurements. Other inputs are the rotational g-factor ,Rg and the 
intrinsic quadrupole moment 0Q .  
 In view of their importance, we have compiled or deduced in this chapter, the values 
of gK-gR and the B(M1)/B(E2) ratios. The B(M1)/B(E2) ratios have been listed for a total 
of 81 bands, values for 52 bands have been taken from the published works, and for 29 
bands these have been deduced in the present work from available experimental information 
in the original papers, Evaluated Nuclear Structure Data File (ENSDF) and Experimental 
Unevaluated Nuclear Data List (XUNDL). Similarly, the gK-gRvalues are listed for a total 
of 74 bands, of which values for 19 bands have been deduced in the present work from the 
available experimental data. 
 In the strong coupling limit, and assuming pure-K, the general expressions for 
deducing the B(M1)/B(E2) ratios and the gK-gR values are: 
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where λ  is the branching ratio, Iγ is the γ-ray transition intensity, q is the quadrupole 
admixture, δ is the E2/M1 mixing ratio, γE is the transition energy in MeV, Rg  is the 
rotational g-factor, 0Q is the intrinsic quadrupole moment in units of eb. Only the angular 
distribution/correlation measurements can give directly the magnitude and sign ofδ , while 
the magnitude of δ  can also be obtained from conversion electron data. However, since the 
angular anisotropy data generally have large uncertainties, and the conversion measurements 
are rare, most experimentalists extract the magnitude of δ  by using the expression (2.2). 
Once δ is known, it can be used to extract gK-gR, provided 0Q is known. In the absence of 
adequate information, some commonly used practices to determine Rg  and 0Q  are: 
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(i) one can obtain Rg  by using the measured magnetic moment ( µ ) of the ground 
state band (gsb) in the pure-K formula, 
                              
1
)(
2
+
−+=
I
KggIg RKRµ                                                                (2.5) 
where gK-gR is inserted from the equation (2.3) (Dasgupta et al., 2000; 
Kondev et al., 1996; Kondev et al., 1997). Similarly the value of 0Q measured 
for the gsb can be used in the equation (2.3) for the determination of gK-gR 
(e.g. Kondev et al., 1997). Some authors have also used an estimate of 0Q from 
the neighboring nuclei (Dasgupta et al., 2000). 
(ii) one can assume the values of Rg  and 0Q , which are consistent with the 
systematics of a region under study (Walker et al., 1994; Shizuma et al., 1997). 
(iii)  one can obtain Rg  by using the relation ( Purry et al., 2000), 
                         
pn
p
R ZN
Z
g ℑ+ℑ
ℑ
=                                                                          (2.6) 
where pℑ and nℑ  are proton and neutron moments of inertia. pℑ and nℑ can be 
calculated from the pairing parameters np ,∆  by using the Migdal prescription 
(Migdal, 1959) 
 
The measured Kg  value (given by eq. 2.3) may not always match with the calculated Kg  
value (Walker et al., 1994; Bark et al., 1995) due to the Coriolis mixing between MQP 
rotational bands having high-j configurations (Bark et al., 1995), mixing between MQP 
rotational bands having different intrinsic configurations, changes in Rg  due to reduction of 
pairing and changes in deformation, which leads to changes in 0Q . 
. 
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2.4.2 Aligned Angular Momentum 
 
The aligned angular momentum or, simply the alignment often assists in making the 
configuration assignment, particularly when the alignment is large suggesting that high-j 
orbitals are involved. The alignment is usually extracted by using the plots of )(ωxI  and 
)(ωrefI  vs. the rotational frequencyω , and calculating the difference, 
            )()()( ωωω refx IIi −=                                         (2.7) 
where 2)1()( KIII x −+=ω is the component of the total angular momentum I of the 
band on the rotation axis, and )(ωrefI corresponds to a reference band (usually that of the 
even-even core nucleus) having zero alignment. To first order, the total alignment for a 3qp 
band should be the sum of the constituent 1qp components. However, this additivity may 
fail due to blocking of pairing correlations as shown by Dracoulis et al. (1998).  
 
2.4.3 Band-head energies for three-quasiparticle quadruplet  
 
A comparison of the experimental band-head energies with the calculated energies 
by using the model proposed by Jain et al. (1995) is an important tool for configuration 
assignment. As an example we cite MQP calculations by Kondev et al. (1997). This model 
is based on empirical orbital dependent residual nucleon-nucleon interactions between 
quasiparticles. The interaction of valence particles with core and among themselves is not 
included in this model. We present the improved version of this model including above 
interactions and irrotational contributions from valence particles. Details of our model along 
with the calculations of band-head energies for 3qp states are presented in chapter 5. 
 
2.5 UNUSUAL FEATURES OF THREE-QUASIPARTICLE BANDS 
   
In this section we will discuss some important and unusual characteristics of the 3qp 
bands in detail. It should be noted that we will present here only the experimental features; 
the theoretical explanation of some of these features will be given in chapters 3, 5 and 6.  
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2.5.1 Generalization of the Gallagher-Moszkowski (GM) rules 
 
 In a deformed nucleus, coupling of three-quasiparticles in Nilsson states having K 
values, say, K1, K2 and K3, leads to a quadruplet with resultant K=K1 ± K2 ± K3. These 
four intrinsic states split up due to residual n-p interaction among the three nucleons. In our 
compilation presented in this chapter, we have noted that a complete and confirmed 
quadruplet of 3qp states is yet to be observed in any nucleus. Therefore, reliable 
identification of 3qp multiplets and observation of examples of all the four couplings of the 
same 3qp configuration remains an open challenge for experimentalists. On the basis of a 
semi-empirical model for the calculation of energies of 3qp states, Jain and Jain (1992) 
proposed two strong rules for (nnp) or (ppn) configurations. According to these rules, the 
highest-lying member of a given quadruplet always has a spin combination in which spins of 
like particles are parallel while those of unlike particles are antiparallel, and states having all 
three spins in the same direction cannot lie lowest in energy. For (nnn) or (ppp) 
configurations, however, the state having all three spins in the same direction will be the 
highest in energy. These rules were further strengthened by Jain et al. (1994a) who 
generalized the model as well as these rules for MQP states. As an example, we cite the 
9/2[514]π⊗7/2[514]ν⊗9/2[624]ν configuration of 177Lu. Out of four bandheads 
corresponding to this configuration, the following three (bands 3, 5 and 6 of 177Lu in the 
Table 2.1) are experimentally confirmed: 
K             E            Spin Combinations (pnn) 
11/2+     1230.4        ↑↑↑  
25/2+     1325           ↑↓↑     
7/2+       1336.5        ↑↓↓  
The 7/2+ state with spin combinations ↑↓↓  is the highest in energy, which is in accordance 
with the generalized GM rules. But the problem of ordering of all the members of a 
quadruplet for given 3qp configuration is yet to be resolved. In chapter 5, we present 
calculations for band-head energies for resolution of the above problem of ordering of a 3qp 
quadruplet. 
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2.5.2 Band Termination Phenomenon 
 
 At very high angular momentum, nuclei in the N= 88-92 region are expected to 
undergo a shape transition whereby the yrast configuration changes from that corresponding 
to the collective rotation of a prolate nucleus about an axis perpendicular to its symmetry 
axis (ε = 0.2, γ ~ °0 ) to weakly collective configurations which evolve across the ( ),γε -
plane and eventually terminate on γ = °60 oblate axis. This transition arises since the nucleus 
is a quantal system so that its collective behavior must have an underlying microscopic 
basis. Therefore there is a limiting angular momentum that a nucleus can generate for a 
particular configuration (band) or distribution of valence nucleons among the available j-
shells (Bohr and Mottelson, 1975). Higher spin states above the original band-head are built 
by a gradual alignment of the spin vectors of the available valence nucleons until full 
alignment is reached (Bengtsson and Ragnarsson, 1983). At this point the rotational band 
associated with a specific initial configuration has lost its collectivity and is said to 
terminate. Spectroscopy of band terminating states is of great importance in nuclear 
structure studies since it enables a detailed study of the balance and interplay between the 
two extreme facets of nuclear dynamics, collective rotation and alignment of valence 
nucleons. As examples, we cite the band termination spectroscopy observed in 155Dy 
(Vlastou et al., 1994). 
 
2.5.3 Tilted Rotational Band Phenomenon 
 
 In rapidly rotating nuclei the competition between the inertial forces and the ones 
generated by the deformed field results in a variety of angular momentum coupling schemes 
(Bohr and Mottelson, 1975). In the presence of pairing the quasiparticles may, with 
increasing rotational frequency, undergo a change from deformation aligned coupling to 
Fermi aligned coupling and finally to rotation aligned coupling. Details of this change in 
coupling scheme depend on the quasiparticle angular momentum and the position of the 
Fermi energy (Frauendorf, 1981). Thus, for the MQP bands seen at high spins, a 
combination of the different coupling schemes is expected. It has been shown that 
(Frauendorf, 1993) the combination and the change of the quasiparticle coupling schemes 
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can be successfully described by means of a cranking around an axis tilted relative to the 
principal axes of the deformed field. This type of rotation is referred to as the Tilted-Axis 
Cranking (TAC), in contrast to the widely used Principal-Axis Cranking (PAC), which 
assumes that the nucleus rotates about one of the principal axes, and the band built by this 
rotation is referred to as the Tilted rotational band (t-band). We have seven such bands in 
this compilation; these are band 5 of 163Er, band 4 of 179W, band 3 and band 5 of 181Re, band 
3 and band 8 of 183Re, band 2 of 181Os. The involvement of t-bands in the explanation of 
anomalous (weakly hindered) K-isomer decays in 179W has been discussed by Walker et al. 
(1991). The observation of t-band in 181Re (Pearson et al., 1997), together with their 
qualitative description by TAC model, suggest a more widespread influence of t-bands, 
which provide a mechanism for the introduction of large-amplitude high-K components in 
the yrast bands of A~180 region. Hence, t- bands would have an important role to play in 
determining decay rates of the MQP isomers. 
 
2.5.4 High-K States and Isomers 
 
At least one member of the 3qp quadruplet having K=K1 + K2 + K3 has a large K 
value. This leads to a K-forbiddenness in the gamma transitions and gives rise to isomers. 
High K-isomers have attracted considerable attention in recent times, and their detailed 
understanding presents new challenges (Walker and Dracoulis, 2001). Most of these high K-
isomers have been found to be concentrated in the A≈ 180 mass region. We plot LogT1/2 vs. 
N and Z for known 3qp isomers in Fig. 2.2, and note that the 3qp isomers are also located in 
precisely the same mass region. All except two lie in the range Z = 71 to 77 and N= 99 to 
112. The two exceptions are 153Eu and 163Er which have a half-life of 475 ns and ≤ 75 ns, 
respectively, and are not shown in Fig. 2.2. The band-head spin (K)  for these isomers lies in 
the range ≈ 19/2 to 25/2; only one example (181Ta) has K = 29/2-. The occurrence of these 
isomers can be reasonably explained on the basis of the deformed shell model as several 
high-Ω orbitals lie near the Fermi energy in this mass region. Of particular importance are 
h11/2 and g7/2 proton and h9/2 and i13/2 neutron orbitals. A detailed investigation of the spins, 
half-lives, and K-forbiddenness of these isomers is currently of great interest in nuclear 
physics. 
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Fig. 2.2 A plot of the N-Z plane around the A ≈ 180 mass region illustrating the  
occurrence of the 3qp isomers. The longest half-life is for 177 Lu, with T1/2=160.4 
d. The only examples not shown are 153Eu and 163Er with T1/2= 475 ns and ≤ 75 
ns, respectively, which lie far from the A=180 mass region. 
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2.5.5 Regular bands 
 
Almost all the 3qp bands reflect nearly ( 1)I I +  behavior, hence are regular in nature 
(not considering back-bending or, odd- even staggering as an irregularity). It may be pointed 
out that signature splitting in a band must be distinguished from the irregular nature of a 
1I∆ =  band. This distinction may be achieved by dividing a 1I∆ =  band into two 2I∆ =  
bands, then analyzing the levels within the 2I∆ =  sub-bands for regularity and band-
crossing. As an example we present 6 bands in Fig. 2.3 which exhibit ( 1)I I +  behavior. In 
this Figure black line represents the experimental data and red line represents ( 1)AI I +  
values where the moment-of-inertia parameter A  is derived from first two rotational level 
energies. 
 
 
                                                                           I (η)                                                    
Fig. 2.3 Plots of some 3qp bands exhibiting I (I+1) pattern (regular bands). 
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2.5.6 Moment of inertia, Alignment and back-bending 
 
The kinematic moment of inertia 
2
(1)
( 1)
I I
E I Iγω
ℑ = =
→ −
h h
 and the dynamic moment 
of inertia 
2
(2) dI
d Eγω
ℑ = =
∆
h h
 for some of the 3qp bands are plotted in Figures 2.4 and 2.5 
respectively. Here ( ) ( 1) ( 1 2)E I E I I E I Iγ γ γ∆ = → − − − → − .  
 
 
                                                                                  I (η) 
 Fig. 2.4 Plots of Kinematic moment of inertia vs. spin for some 3qp bands. 
From Fig. 2.4, it is clear that the (1)ℑ  values  generally decreases with increasing 
angular momentum, a trend opposite to what one observes in normal deformed rotational 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ℑ(
1) (
 
η2
ke
V
-
1 ) 
 
 36 
bands where  (1)ℑ  generally rises with increasing angular momentum. This is indicative of a 
large contribution to the total angular momentum from a source other than collective. In Fig. 
2.5, we have presented some cases exhibiting staggering behavior in (2)ℑ  and in Fig. 2.6; we 
have presented some of the 3qp bands having pronounced staggering.  This large 
fluctuations in (2)ℑ  are due to large odd-even staggering in these bands (see Fig. 2.6). 
  
 
                                                                   I (η) 
 
Fig. 2.5 Plots of 3qp bands (presented in Fig. 2.6) having staggering in DMI.  
 Sudden increase/decrease in (2)ℑ  indicates band-crossing. 
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                                                                         I (η)     
 
Fig. 2.6 Plots of some 3qp bands exhibiting large staggering. Arrow indicates the point  
             of inversion 
 
Many bands display a large odd-even staggering behavior and/ or back-bending. We discuss 
these topics in detail in chapter 3. A kind of singularity or sharp rise or fall is observed in the 
value of (2)ℑ  at angular momenta where back-bending occurs, which is normally attributed 
to a band-crossing with a further alignment of an extra pair of high-j particles. For example, 
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a sharp rise in (2)ℑ values for 155Dy at 75
2
I
−
= h (Fig. 2.5) is an indication of the band-
crossing. Thus band 1 of 155Dy (Table 2.1) having 3qp configuration 
3 1 1[521] [660] [660]
2 2 2ν ν ν
⊗ ⊗  changes to 5qp band having  
3 1 1 7 7[521] [660] [660] [523] [523]
2 2 2 2 2ν ν ν pi pi
⊗ ⊗ ⊗ ⊗  at 75
2
I
−
= h . There are many other 3qp 
bands which display band-crossing for example band 1 and band 2 of 157Ho, band 1 of 157Er, 
band 1 of 159Er etc. as listed at the end of this chapter. 
 
2.5.7 Identical bands  
 
Generally with a change in mass number, some changes in rotational energies are 
expected due to change in inertia and pairing correlations etc. However there are some 
nuclei which have identical gamma ray cascades over a very wide range of angular 
momenta. We present here one example from the experimental data on identical 3qp bands 
having the configuration 7/2[404]pi 5/2[402]pi 7/2[633]ν in a series of Hf isotopes as shown in  
Fig. 2.7. 
                 
             Fig.2.7 Identical bands in Hf-isotopes. 
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 It may be noted that the 3qp bands having the same configuration are identical in 
173Hf and 175Hf isotopes but the same band in 171Hf is quite different. It may also be noted 
that the deformation is expected to remain same in all the three isotopes. An understanding 
of why the bands in A = 173 and 175 are identical but not that in A=171 may provide a clue 
to the resolution of Identical Band (IB) phenomenon. This feature in normal deformed 
nuclei was pointed out for the first time by Jain (1984) and interpreted in terms of an 
effective decoupling mechanism. Whether these remarkable degeneracies are caused by 
subtle cancellations among the many parameters which can affect the moment of inertia or 
by some new physics is still an unresolved problem. However there is an increasing 
evidence, at least  for normal deformed nuclei at low spins, that IB’s between adjacent even-
even and odd mass nuclei occur because of cancellations between the pairing and 
deformation parameters ( Brown et al., 2002). 
 
2.5.8 Comparison of one-quasiparticle and three-quasiparticle excitation energies 
 
A comparison of the 3qp bands with the 1qp bands may be made by considering 
some examples of the plots of excitation energy vs. angular momentum as shown in Fig. 2.8.  
 
 
Fig. 2.8 Excitation energy vs. angular momentum 
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 It may be noted that the 3qp bands start out as non-yrast bands running almost 
parallel to the 1qp bands which generally define the yrast line at low excitation. However, 
many 3qp bands become yrast at higher spins and in the process, they cross the 1qp bands. 
In fact many 3qp bands are observed to cross each other also. As an example we cite band 1 
and band 2 of 157Ho as listed at the end of this chapter. 
  
2.5.9 Signature splitting and Signature Inversion 
   
 In our compilation, we have noticed that there are 49 bands, which exhibit a 
signature splitting, and sometimes signature inversion also. In Fig. 2.6., we plot .E vs Iγ∆   
for 6 of the 49 cases; signature splitting and signature inversion is evident from these plots. 
It is not possible to draw any conclusion for those cases where only 3 - 4 transitions are 
known; these are not included in the 49 cases. Such a phenomena of signature splitting and 
signature inversion have been studied in normal deformed even-even nuclei (Goel and Jain, 
1992) and in odd-odd nuclei (Jain et al., 1989) by using the Particle Rotor Models. 
However, no such quantitative calculations for 3qp bands using the Particle Rotor Models 
are reported in the literature. In order to understand the observed signature splitting in the 
3qp bands, we have formulated a TQPRM for the 3qp bands. The formulation for this model 
is given in chapter 4 and its applications to 3qp bands are discussed in chapter 6. The rule 
for predicting favored signature for 3qp bands is given in chapter 3. A comparison of the 
staggering pattern and the magnitude of staggering in a 3qp band with 1qp and 2qp bands 
involving same Nilsson orbital are shown in Fig. 2.9. It may be noticed that the 1qp band 
based on 9/2[514] proton (belonging to h11/2) exhibits a large signature splitting which 
diminishes (at similar spins) when we go to 2qp band based on 9/2[514] proton and 5/2[642] 
neutron. This magnitude further reduces as we go to the 3qp band based on 9/2[514] proton, 
5/2[642] neutron and 5/2[523] neutron. The staggering, however, does not disappear and is 
observed to increase in magnitude with increasing spin. Such a behavior is expected because 
the number of the matrix elements goes on increasing with number of particles, many of 
them cancelling each other. The observed decrease in magnitude of staggering is further 
confirmed by the plots presented in Fig. 2.10(a) and Fig. 2.10(b). It is noticed from Fig. 
2.10(a) that the large staggering in the 1qp band is drastically reduced after a band-crossing 
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with a 3qp band. Another 3qp band, whose neutron orbital are the same as those of the 3qp 
band crossing the 1qp band, has the same phase as well as magnitude of staggering. The K 
values of the two 3qp bands will obviously differ. This in a way also confirms the 
configuration assignments of these bands. As a result, the staggering pattern of the two 3qp 
bands is similar. This also suggests that the missing members of some 3qp quadruplets must 
be searched for in the 3qp bands crossing the 1qp bands.  
 
 
 
       Fig. 2.9 Difference of consecutive gamma ray energies versus angular momentum. 
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Fig. 2.10(a, b) Same as Fig. 2.9 
 
2.6 CONCLUSIONS 
 
 In this chapter, we have presented experimental data taken from literature for the 
structures, which are interpreted as 3qp states. Data for a total of 171 bands in 58 nuclei in 
the region 153≤A≤187 have been compiled. The energies, spins, parities, configuration 
assignments, electromagnetic properties, half-lives and other useful details of 3qp bands are 
listed in the Table 2.1. A good understanding of these bands and that of high-spin features 
such as t-band, band termination, high-K isomers, signature splitting, signature inversion, 
back-bending, etc. can be obtained by using the various theoretical and semi-empirical 
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approaches and generalization of the GM rules as discussed in this chapter. A detailed 
understanding of the 3qp states and the rotational bands based on them in terms of the 
Coriolis effects, residual interactions, and the pairing is discussed in chapters 5 and 6. 
Observation of predicted low-K members of a 3qp quadruplet, and hence identification of a 
complete 3qp quadruplet remains as another challenge to the experimentalists. 
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POLICIES OF THE TABLE 2.1 
 
Level Energies: The listed level energies are taken form the first reference given for a     
band. In some cases, the energy values are extracted from the 
ENSDF/XUNDL database. However, the original reference alone has 
been quoted. The two signature partners are not listed separately.   
Keywords: The keywords are listed in a chronological order in terms of eight digit 
key numbers as assigned in the Nuclear Science References (NSR) 
database at the Brookhaven National Laboratory, U.S.A 
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EXPLANATION OF TABLE 2.1 
 
TABLE 2.1 Three-quasiparticle Rotational Bands 
 
N
A
Z X  : Denotes the specific nuclide with 
 X      Chemical symbol 
 A       Mass number 
 Z       Atomic number 
 N       Neutron number 
         A single blank row marks the end of entries for each band.  
 The number in the first column denotes band number. 
Elevel  :                     Level energy in units of keV. The energy in parentheses denotes a 
tentative level. Label X indicates that excitation energy is unknown due 
to lack of knowledge about linking transitions to the lower levels. Level 
energies are extracted from original references or taken from ENSDF or 
XUNDL where it is not given in original references. 
Ipi      : Ι denotes the level spin for each band member. pi  denotes the parity  
 (+or −). Ipi  given in parentheses denotes tentative spin and/or parity  
 assignment. 
Eγ (Μ1):  γ−transition energy in units of keV for M1 (I → I −1) transition. 
                                 The energy in parentheses denotes a tentative transition. 
Eγ (E2) :  γ−transition energy in units of keV for E2 (I → I −2) transition. 
                                 The energy in parentheses denotes a tentative transition. 
ENSDF:  Evaluated Nuclear Structure Data File database at  
 www.nndc.bnl.gov. 
XUNDL: Experimental Unevaluated Nuclear Data List database at  
         www.nndc.bnl.gov 
Exp.     : denotes Experimental   
gsb       :                    denotes ground-state band 
B
 
(Μ1)/B
 
(E2):    The ratio of reduced transition probabilities in units of (µΝ /eb)2 given 
with the uncertainties in the last digits in parentheses. In cases, where 
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only the plots of these values are given in the original papers, the 
numerical values have been read from these plots and suitably rounded.  
When neither numerical values nor plots are available, these ratios have 
been deduced in the present work using Rotational Model formula and 
experimental gamma-ray energies and intensities. Mixing ratio obtained 
from the Rotational Model formula is used in these calculations. 
gK-gR           The values of gK-gR are given with the uncertainties in the last digits 
in parentheses.  In cases, where only the plots of these values are given 
in the original papers, the numerical values have been read from these 
plots and suitably rounded.  When neither numerical values nor plots 
are available, these ratios have been deduced in the present work using 
Rotational Model formula. Intrinsic quadrupole moment 0Q  given in 
original references and mixing ratio obtained from the Rotational 
Model formula is used in these calculations. 
Keywords:      The keywords follow key numbers as assigned in Nuclear Science 
References (NSR) database at Brookhaven National Laboratory, U.S.A. 
The data has been taken from the first keyword cited (printed as bold). 
Information taken from other keywords is given under the column 
“Configuration and Comments”. 
 Configuration   The quasiparticle configuration for a band is listed. pi stands for proto- 
 and Comments:  ns and  ν stands  for neutrons. Nilsson quantum numbers are used to label 
the orbitals. It is customary in the literature to use labels such as A, B, C, 
etc. for quasineutrons and Ap, Ap, Bp, Cp, etc. for qausiprotons to denote 
high-j orbitals. However, different authors use quite different notations. 
Explicit Nilsson configurations are, therefore, given in the Table 2.1 
along with the notations used by the authors of the original papers. 
 
Back-bending:   In a rotational band, the transition energies increase with increase in spins 
reflecting the I(I+1) behavior, but in some cases e.g. 155Dy, band 1, the 
moment of inertia increases drastically at the spin 75/2− (Fig. 2.5). This 
phenomenon is known as back-bending and is usually attributed to the 
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crossing of two rotational bands due to the alignment of a pair of either 
kind of quasiparticles. 
 
Signature Split:  For rotational bands ∆I= 1 between successive members, the members 
belong to different signatures. When odd-even staggering in energy 
occurs in a band, the term “signature split” is used. Signature splitting 
arises basically due to the Coriolis coupling. 
 
Signature     Whenever expected favored signature becomes unfavored at higher  
Inversion              spins i.e. the signature branch, which is lower in energy, becomes     
                              higher in energy; it is termed as signature inversion. 
 
Regular band:   A band where the excitation energy varies more or less smoothly with  
 spin, though not necessarily as I(I + 1). Most of the 3qp bands are found 
to be regular in nature. 
 
Irregular band:   A band where energy variation with spin is quite abrupt. Very few 3qp 
bands are found to be irregular in nature (e.g. 169Re band 1). 
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TABLE 2.1 Three-quasiparticle Rotational Bands 
90
153
63 Eu  
 
 
89
153
64 Gd  
 
 
88
153
65 Tb  
    
Elevel 
            keV 
Ipi        Eγ (Μ1)
 keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)
 (µΝ /eb)2 
Keywords Configuration and Comments  
1      1771.6 19/2-     2000SM09 1. π: 5/2[413] 
 1971.5 21/2- 200.1     
     ν: 3/2[651]⊗11/2[505]      
2182.7 23/2- 211.2 411.3 0.383(49)   or  π: 5/2[413] 
2402.0 25/2- 219.3 430.5 0.396(91)   
     ν: 3/2[402]⊗11/2[505]  
2627.2 27/2- 225.2 444.5 0.330(89)   or  a mixture of both  
2859.2 29/2- 232.0 457.6    2. Nuclear Reaction:  
           
150Nd(7Li, 4n)153Eu 
            E=35 MeV 
       3. Half-life of bandhead is 475(10) ns. 
       4. Negative sign of average value of 
           ( gK-gR)/Q0 with gR =0.40(4) gives 
    
   
    
 
gK = 0.02(5). 
       5. Assumed Q0 = 6.6(5)  eb.  
       6. The gK-gR values read from plot. 
        
Elevel 
              keV 
Ipi        Eγ (Μ1)  
  keV    
Eγ (E2) 
  keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1        1520.3 21/2-    2002BR52 1. For  α =+1/2 signature: 
1902.9 25/2-  382.7   
      ν : 3/2[521](α= +1/2) 
2361.5 29/2-  458.5   
        ⊗3/2[651](α= +1/2) 
2884.4 33/2-  523.2   
        ⊗3/2[651](α= −1/2) 
3471.2 (37/2-)  586.3   2.  Nuclear Reaction:  
4124.2 (41/2-)  653   
      
124Sn(36S, α3n)153Gd 
4841.2 (45/2-)  717             E=165 MeV 
      3.  Mixing of lowest lying spin 
           members with octupole vibrat- 
           ional band is suggested. 
      
 
Elevel 
                keV                                                                                         
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1          2611.8 27/2+    1998HA37 1. Competing configurations are: 
2952.3 31/2+  340.5   
   Ap⊗AF or  Bp⊗AE 
3472.4 35/2+  520.1   
    Ap=7/2[523](α= −1/2) 
4111.1 39/2+  638.7   
    Bp=7/2[523](α= +1/2) 
4837.4 (43/2+)  726.3   
    A=3/2[651](α= +1/2) 
5633.4 (47/2+)  796.0   
    F=3/2[521](α= −1/2) 
(6486.4) (51/2+)  (853)   
    E=3/2[521](α= +1/2) 
      2. Nuclear Reaction: 
          
139La (18O, 4n) 153Tb 
            E=100 MeV 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
 88
153
65 Tb  
 
 
90
155
65 Tb  
 
 
 
 
 
 
 
 
 
 
 
 
Elevel 
             keV                                                                                                             
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
2        2613.9 23/2(+)    1998HA37 1. Competing configurations are: 
2706.5 25/2(+)     
    For  α = +1/2 signature: 
2829.9 27/2(+) 124 216.0 0.050(5)  
         Ap⊗AX  or Bp⊗AY 
2990.8 29/2(+) 161 284.3 0.040(4)  
   For  α = −1/2 signature: 
3186.1 31/2(+) 196 356.2 0.070(7)  
       Ap⊗AY  or Bp⊗AX 
3414.5 33/2(+) 228 423.7 0.110(11)  
       Ap=7/2[523](α= −1/2) 
3672.2 35/2(+) 258 486.1 0.10(1)  
       Bp=7/2[523](α= +1/2) 
3958.2 37/2(+)  543.7   
       A=3/2[651](α= +1/2) 
4268.4 39/2(+)  596.2   
       X=11/2[505](α= +1/2) 
4601.9 41/2(+)  643.7   
       Y=11/2[505](α= −1/2) 
4956.1 43/2(+)  687.7   2. Small signature splitting.  
5330.9 (45/2+)  729   3. The B(M1)/B(E2) values 
(5722.1) (47/2+)  (766)        read from plot assuming  
          10% error. 
       
Elevel 
             keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1      2745.2 27/2(+)    1998HA54 1.  For  α = −1/2 signature: 
3104.5 31/2(+)  359.3   
         π : 7/2[523](α= −1/2) 
3571.7 35/2(+)  467.2   
         ν: 3/2[651](α= +1/2) 
4130.1 (39/2+)  558.4   
            ⊗3/2[521](α= −1/2) 
4762.1 (43/2+)  632.0   2. Nuclear Reaction: 
5453 (47/2+)  691      124Sn(36S, p4n) 155Tb 
6190 (51/2+)  737         E=165 MeV 
6970 (55/2+)  780   3. BC and BpCp band cross-  
7793 (59/2+)  823   
    ings  are suggested at  ηωc 
8662 (63/2+)  869   
    = 0.38(1) and 0.47(1) MeV  
9569 (67/2+)  907       respectively.  
10503 (71/2+)  934   
    B=3/2[651](α= −1/2)     
11481 (75/2+)  978   
    C=1/2[660](α= +1/2)     
(12513) (79/2+)  (1032)   
    Bp=7/2[523](α= +1/2)     
    
  
    Cp=5/2[532](α= −1/2)     
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
 
89
155
66 Dy  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Elevel 
             keV                                                                                                                                                
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1      2012.5 25/2-    1994VL02 1. For  α =+1/2 signature: 
2475.8 29/2-  463.7   
      ν : 3/2[521](α= +1/2) 
2990.5 33/2-  514.6   
        ⊗1/2[660](α= +1/2) 
3304.5 35/2-     
        ⊗1/2[660](α= −1/2) 
3556.5 37/2-  566.1   
    For  α = −1/2 signature: 
3912.6 39/2-  607   
      ν : 3/2[521](α= −1/2) 
4180.4 41/2-  623.9   
        ⊗1/2[660](α= +1/2) 
4574.4 43/2-  661.8   
        ⊗1/2[660](α= −1/2) 
4866.0 45/2-  685.6   2. Nuclear reactions: 
5290.2 47/2-  715.8     (a)  124Sn (36S, 5n)155Dy 
5610.4 49/2-  744.4             E=155 MeV 
6062.3 51/2-  772.1     (b) 156Gd (3He, 4n)155Dy 
6405.4 53/2-  795.0            E=39 MeV 
6892.6 55/2-  830.3   3. Shows band termination 
7241.6 57/2-  836.2        phenomenon.  
7778.4 59/2-  885.8   4. Strong signature splitting  
8109.9 61/2-  868.3       with signature inversion at 
8696.8 63/2-  918.4        at I=75/2-. 
9008.2 65/2-  898.3   5. At higher frequencies ApBp 
9624.8 67/2-  928       crossing is suggested. 
9965.5 69/2-  957.3   
       Ap=7/2[523](α= +1/2) 
10520.0 71/2-  896.2   
       Bp=7/2[523](α= −1/2) 
10973 73/2-  1007   6. Comparison of level energies 
11451.0 75/2-  930        with ENSDF has been done. 
11973 77/2-  999.6    
12401.0 79/2-  (950)    
12985 81/2-  1011    
13343.9 83/2-  (942.9)    
14042 85/2-  1057    
14469 87/2-  (1125)    
15161 89/2-  1119    
15637 91/2-  (1168)    
16347 93/2-  (1186)    
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
90
157
67 Ho  
Elevel 
            keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and 
Comments 
1      2270.3 23/2+     1992RA17 1. For  α = +1/2 signature: 
2369.5 25/2+ 99.3     
       Ap⊗AX   
2513.5 27/2+ 144.0 243.2 0.04(1) 0.45(4)  
   For  α = −1/2 signature: 
2692.8 29/2+ 179.3 323.3 0.02(1) 0.223(19)  
       Ap⊗AY   
2903.5 31/2+ 210.7 390.0 0.02(1) 0.194(15)  
       Ap=7/2[523](α= −1/2) 
3142.5 33/2+ 239.0 449.7 0.04(1) 0.129(14)  
       A=3/2[651](α= +1/2) 
3406.9 35/2+ 264.5 503.4 0.05(3) 0.096(16)  
       X=11/2[505](α= +1/2) 
3695.1 37/2+ 288.1 552.6 0.06(6) 0.063(13)  
       Y=11/2[505](α= −1/2) 
4003.7 39/2+ (308.7) 596.8 0.04(4) 0.11(3)  2. Nuclear Reaction: 
4330.7 41/2+ (327.0) 635.6 0.03(3) 0.12(3)      124Sn (37Cl, 4n)157Ho 
4673.7 43/2+ (343.0) 670.0 0.04(4) 0.10(3)      E=155 MeV and 
5031.9 45/2+  701.2        E=165 MeV 
5399.3 47/2+  725.6    3. Band 1 and band 2 cross  
5777.0 49/2+  745.1        each other at least 3 times.  
6163.1 51/2+  763.8    4.  BC crossing at ηωc=0.37 
6557.3 53/2+  780.3         MeV is suggested. 
6961.0 55/2+  798.0    
     B=3/2[651](α= −1/2) 
7377.7 57/2+  820.4    
     C=1/2[660](α= +1/2) 
7808.3 59/2+  847.3    5.The gK-gRvalues deduced 
8252.5 61/2+  874.8        in the present work. 
8713.6 (63/2+)  905.3    6. Assumed Q0 = 5.5 eb. 
9192.5 65/2+  940.0     
9688.4 (67/2+)  974.8     
10203.4 (69/2+)  1010.9     
(10734.9) (71/2+)  (1046.6)     
11280.6 (73/2+)  1077.2     
        
2      2367.6 25/2+     1992RA17 1. For  α = +1/2 signature: 
2554.8 27/2+ 187.2     
       Ap⊗AE   
2721.0 29/2+ 166.2 353.4 0.12(1) 1.51(22)     For  α = −1/2 signature: 
2928.0 31/2+ 207.0 373.2 0.10(1) 0.67(4)         Bp⊗AE  or Ap⊗AF   
3164.2 33/2+ 236.3 443.3 0.10(1) 0.52(4)         Ap=7/2[523](α= −1/2) 
3408.4 35/2+ 244.1 480.4 0.13(1) 0.63(5)         Bp=7/2[523](α= +1/2) 
3710.8 37/2+ 302.4 546.5 0.13(1) 0.59(5)         A=3/2[651](α= +1/2) 
3994.5 39/2+ 283.8 586.2 0.17(1) 0.68(6)         E=3/2[521](α= +1/2) 
4340.2 41/2+ 345.6 629.4 0.18(2) 0.78(12)         F=3/2[521](α= −1/2) 
4684.2 43/2+ 344.0 689.7 0.17(1) 0.65(10)  2. Strong signature splitting  
5029.4 45/2+ 345.3 689.3 0.08(10) 0.25(25)       with signature inversion 
5418.3 47/2+ 388.9 734.1 0.13(1) 0.42(8)       inversion at I = 43/2+. 
5763.9 49/2+ 345.6 734.4 0.27(3) 1.1(3)  3. Band 2  and band 1 cross 
6176.6 51/2+ 412.8 758.3 0.22(1) 0.78(10)       each other at least 3 times.  
6530.5 53/2+ 353.9 766.6 0.22(1) 0.72(11)  4.  BC crossing at ηωc=0.37  
6970.8 55/2+ 440.4 794.2 0.24(2) 0.86(15)       MeV is suggested. 
7336.2 57/2+ 365.3 805.7 0.23(1) 0.72(11)       B=3/2[651](α= −1/2) 
7810.6 59/2+  839.8         C=1/2[660](α= +1/2) 
8193.6 61/2+  857.5    5.  Assumed Q0 = 5.5 eb. 
8708.2 63/2+  897.6    6. The gK-gR values deduced 
9108.6 65/2+  915.5         in the present work. 
9670.7 (67/2+)  962.5     
10078.8 69/2+  970.2     
10683.3 (71/2+)  1012.6     
11088.3 73/2+  1009.5     
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        TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
   96
163
67 Ho  
 
           
 89
157
68 Er  
 
 
 
 
 
 
 
 
 
 
Elevel 
            keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and 
Comments 
1      1504.9 (17/2+)    2004HO19 1.  π : 7/2[523] 
1627.1 (19/2+) 122.2    
     ν: 5/2[642]⊗5/2[523] 
1767.1 (21/2+) 140.0    2. Nuclear Reaction: 
1924.0 (23/2+) 156.9 296.8   
    
160Gd (11B, α4n)163Ho 
2097.9 (25/2+) 173.9 331.2       E= 61MeV 
2288.4 (27/2+) 190.5 364.3    
2495.0 (29/2+) 206.6 397.1    
2717.4 (31/2+) 222.4 429.4    
2955.2 (33/2+) 237.8 459.8    
3208.2 (35/2+) 253.0 491.2    
3474.2 (37/2+) (266.0) (519)    
       
Elevel 
              keV 
Ipi        Eγ (Μ1) 
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2) 
(µΝ /eb)2 
Keywords Configuration and Comments  
1  2395.7+X 23/2(-)    1995GA13 1. For  α =+1/2 signature: 
2500.5+X 25/2(-) 104.8   2006Ev02 
      π : 7/2[523](α= −1/2) 
2649.4+X 27/2(-) 148.9 254.1   
          ⊗7/2[404](α= +1/2) 
2842.3+X 29/2(-) 192.9 342.2 3.8(6)  
      ν: 3/2[651](α= +1/2) 
3067.7+X 31/2(-) 225.4 418.3   
    For  α = −1/2 signature: 
3328.9+X 33/2(-) 261.2 486.7 4.9(6)  
       π : 7/2[523](α= −1/2) 
3614.2+X 35/2(-) 285.3 544.9 3.7(4)  
           ⊗7/2[404](α= −1/2) 
3922.1+X 37/2(-) 307.9 593.2 3.5(4)  
      ν: 3/2[651](α= +1/2) 
4254.1+X 39/2(-) 332.0 639.9 3.6(5)  2. Nuclear Reaction: 
4602.0+X 41/2(-) 347.9 679.9 2.9(6)      114Cd (48Ca, 5n)157Er 
4972.2+X 43/2(-) 370.4 717.8 3.1(6)        E=210 MeV  
5350.6+X 45/2(-) 378.1 748.6 3.5(6)  3. Signature splitting with  
5752.5+X 47/2(-) 401.9 780.9 2.5(5)      signature inversion at I= 37/2(-). 
6158.4+X 49/2(-) 405.9 807.8   4. BC  crossing at ηωc =0.4 MeV is  
6581.8+X 51/2(-) 423.2 829.0       expected. 
7006.5+X 53/2(-)  848.0   
        B=3/2[651](α= −1/2) 
7912.1+X 57/2(-)  905.6   
        C=1/2[660](α= +1/2) 
      5. All level energies are relative to  
         the 13/2+ state in yrast band whose  
         absolute energy is not known.  
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
91
159
68 Er   
 
 
 
 
 
 
 
 
 
 
 
 
 
Elevel 
                keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1           2293 21/2-    1998SI03 1. For  α =+1/2 signature: 
2394 23/2-     
    π : 7/2[523](α= −1/2) 
2523 25/2- 131    
      ⊗7/2[404](α= +1/2) 
2689 27/2- 163 294   
    ν: 3/2[651](α= +1/2) 
2883 29/2- 194 359   
    For  α = −1/2 signature: 
3106 31/2- 223 417   
    π : 7/2[523](α= −1/2) 
3356 33/2- 250 473 2.03(8)  
      ⊗7/2[404](α= −1/2) 
3629 35/2- 274 523 2.10(1)  
    ν: 3/2[651](α= +1/2) 
3923 37/2- 294 567 1.80(8)  2. Nuclear Reaction: 
4236 39/2- 313 607 1.45     116Cd (48Ca, 5n)159Er    
4564 41/2- 328 641 1.30(1)       E=215 MeV  
4906 43/2- 342 669 1.40  3. BC band crossing at ηωc 
5256 45/2- 351 692        =0.33 MeV is suggested. 
5615 47/2- 359 710   
     B=3/2[651]((α= −1/2) 
5980 49/2- 364 723 1.37(1)       C=1/2[660]((α= +1/2) 
6350 51/2- 371 735   4. Level energies are adoped 
6729 53/2- 379 749 1.48(1)       from ENSDF. 
7117 55/2- 388 767 1.60(15)  5.  Strong signature splitting 
7519 57/2- 402 790 1.35(10)        at higher spins. 
7934 59/2- 415 816   6.  The B(M1)/B(E2) values 
8365 61/2- 432 846 1.32(10)        read from plot. 
8812 63/2- 447 878 1.30(15)   
9276 (65/2-) 464 911    
9757 (67/2-) 481 945 1.21(20)   
10255 (69/2-) 499 979 1.10(18)   
10768 (71/2-) 513 1012    
11300 (73/2-) 532 1044    
11843 (75/2-) 543 1074    
12411 (77/2-) 568 1112    
12969 (79/2-) 558 1126    
13553 (81/2-)  1142    
14134 (83/2-)  1165    
14747 (85/2-)  1194    
15342 (87/2-)  1209    
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
95
163
68 Er  
 
 
 
 
 
 
 
Elevel 
            keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and 
Comments  
1      1214.6 17/2+    1997HA23 1. Tentative configuration is: 
1352.8 19/2+     
  For  α = +1/2 signature: 
1529.8 21/2+  315.2   
      ν: 5/2[642](α= +1/2) 
1717.2 23/2+  364.5   
         ⊗5/2[523](α= +1/2) 
1932.0 25/2+  402.2   
         ⊗3/2[521](α= −1/2) 
2167.6 27/2+  450.5   
    For  α = −1/2 signature: 
2415.6 29/2+  483.6   
      ν: 5/2[642](α= +1/2) 
2698.7 31/2+  531.1   
         ⊗5/2[523](α= +1/2) 
2967.4 33/2+  551.8   
         ⊗3/2[521](α= +1/2) 
3299.2 35/2+  600.5   2. Nuclear Reaction: 
3530.5 37/2+  563.1        150Nd (18O, 5n) 163Er 
3952.1 39/2+  652.9         E=87 MeV 
4149.9 41/2+  619.4   3. BC band crossing is 
4643.3 43/2+  691.2        is suggested. 
4825.0 45/2+  675.1   
    B=5/2[642](α= −1/2) 
5372.5 47/2+  729.2   
    C=3/2[651](α= +1/2) 
5553.1 49/2+  728.1   4. Strong signature splitting. 
6146.7 51/2+  774.2    
6336.4 53/2+  783.3    
6977.8 55/2+  831.1    
7175.7 57/2+  839.3    
8067.4 61/2+  891.6    
9001.9 65/2+  934.2    
       
2      1538.8 3/2+    1982VY07 1. Tentative configuration is: 
      π : 7/2[523]⊗1/2[411] 
          ν: 5/2[523] 
      2. Decay study.      
      3. Level energy is adopted  
          from  ENSDF. 
       
3      1607.4 21/2+    1997HA23     For  α = +1/2 signature: 
2044.2 25/2+  436.7   
        ν: 5/2[642](α= +1/2) 
2540.9 29/2+  496.8   
           ⊗5/2[523](α= −1/2) 
3074.1 33/2+  533.1   
           ⊗3/2[521](α= +1/2) 
3680.6 37/2+  606.5    
4336.2 41/2+  655.6    
5017.3 45/2+  681.1    
5738.2 49/2+  721.0    
6521.0 53/2+  782.8    
7349.0 57/2+  828.0    
8196.1 61/2+  847.1    
9106.3 65/2+  910.1    
10076.6 69/2+  970.3    
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
95
163
68 Er  
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
4       1801.6  3/2+     1982VY07 1. Tentative configuration is: 
    
 
  
    π : 7/2[523]⊗1/2[411] 
           ν: 5/2[523] 
       2. Decay study.      
       3. Level energy is adopted  
       from     ENSDF. 
        
5         1845.6 19/2-     1997HA23  1. For α = −1/2 signature: 
1962.0 21/2- 116.4    1994BR09 
     π: 7/2[523](α= +1/2) 
2104.7 23/2- 142.7 259.1    
        ⊗7/2[404](α= +1/2) 
2271.5 25/2- 166.7 309.9    
      ν: 5/2[642](α= +1/2) 
2461.4 27/2- 190.0 356.7 0.42(7) 2.74(87)  
    For  α = +1/2 signature: 
2673.1 29/2- 211.8 401.7 0.40(9) 2.04(36)  
     π: 7/2[523](α= −1/2) 
2905.8 31/2- 232.7 444.1 0.37(5) 1.59(22)  
        ⊗7/2[404](α= +1/2) 
3158.1 33/2- 252.3 485.1 0.38(7) 1.53(31)  
     ν: 5/2[642](α= +1/2) 
3429.1 35/2- 271.0 523.2 0.41(6) 1.62(18)  2. It is explained as a Tilted  
3718.3 37/2- 289.1 560.3 0.42(6) 1.62(36)  
     rotational band with ε2=0.252, 
4024.1 39/2- 305.7 595.1 0.35(9) 1.08(45)  
      ε4 = -0.004 
4346.9 41/2- 322.8 628.9 0.36(5) 1.05(13)  3. Half-life of band head is ≤ 75  
4684.0 43/2- 337.1 659.7 0.50(14) 2.00(72)       ns. 
5038.3 45/2- 354.2 691.4    4. BC band crossing is suggested. 
5404.0 47/2- 365.4 720.2    
        B=5/2[642](α= −1/2) 
5784.0 49/2- 380.1 745.7    
        C=3/2[651](α= +1/2) 
6174.6 51/2- 390.3 770.8    5. The B(M1)/B(E2) values read 
6573.1 53/2- 398.4 789.0        from  plot shown in 1994BR09. 
6989.1 55/2- 415.9 814.6    6.  Assumed Q0 = 7 eb. 
7414.0 57/2-  840.9    7. The gK-gR values deduced 
7832.4 59/2-  843.3          in the present work. 
8306.8 61/2-  892.8     
8698.3 63/2-  865.9     
9608.3 67/2-  910.0     
10570.3 71/2-  962.0     
    
 
  
 
6        1982.9 19/2+     1997HA23  1. For α = −1/2 signature: 
2144.8 21/2+ 162.0    1994BR09 
     ν: 11/2[505](α= +1/2) 
2332.2 23/2+ 187.5 349.0 0.19(2) 1.58(58)  
      ⊗5/2[642](α= +1/2) 
2542.6 25/2+ 210.3 398.0 0.20(5) 1.09(42)  
      ⊗3/2[521](α= +1/2) 
2773.2 27/2+ 230.5 441.2 0.21(4) 0.81(31)  
   For  α = +1/2 signature: 
3022.6 29/2+ 249.4 480.1 0.29(7) 1.22(51)  
     ν: 11/2[505](α= −1/2) 
3289.2 31/2+ 266.5 516.1 0.26(6) 0.85(36)  
      ⊗5/2[642](α= +1/2) 
3571.2 33/2+ 281.9 548.6 0.24(6) 0.67(31)  
      ⊗3/2[521](α= +1/2) 
 3867.6 35/2+ 296.3 578.6 0.34(7) 1.21(58)  2. The B(M1)/B(E2) values read 
4176.4 37/2+ 308.8 605.1        from plot  shown in 1994BR09.  
4496.5 39/2+ 319.7 629.1    3.  Assumed Q0 = 7 eb. 
4821.9 41/2+ 325.5 645.4    4. The gK-gR values deduced 
5183.3 43/2+ 361.0 686.9         in the present work. 
5537.6 45/2+ 354.2 716.9     
5906.0 47/2+ 368.4 722.8     
6288.2 49/2+ 382.4 750.4     
6682.8 51/2+ 394.5 776.9     
7090.8 53/2+  802.6     
7518.4 55/2+  835.6     
7955.0 57/2+  864.2     
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
95
163
68 Er  
 
 
 
 
 
 
Elevel 
            keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
7      2120.5 19/2+     1997HA23  1. For  α =−1/2 signature: 
2314.2 21/2+ 193.7     
     π : 7/2[523](α= +1/2) 
2524.2 23/2+ 210.3 403.4 0.28(20) 2.10(55)  
        ⊗7/2[404](α= +1/2) 
2749.0 25/2+ 225.4 434.5 0.29(9) 1.75(33)  
     ν: 5/2[523](α= +1/2) 
2987.3 27/2+ 238.3 463.0 0.32(2) 1.50(44)  
    For  α =+ 1/2 signature: 
3236.6 29/2+ 249.4 487.7 0.38(3) 1.80(33)  
      π : 7/2[523](α= −1/2) 
3495.0 31/2+ 258.4 507.3 0.35(1) 1.30(11)  
         ⊗7/2[404](α= +1/2) 
3758.8 33/2+ 263.7 522.3 0.40(1) 1.30(24)  
      ν: 5/2[523](α= +1/2) 
4025.3 35/2+ 266.3 530.4 0.31(1) 1.60(13)  2. Signature splitting after the 
4293.0 37/2+ 267.7 534.1 0.32(1) 3.62      band crossing. 
4564.8 39/2+ 271.7 539.5 0.52(3) 3.30(16)  3. AB band crossing is suggested 
4851.0 41/2+ 286.1 558.3 0.42(2) 3.63(66)  
       A=5/2[642](α= +1/2) 
5124.4 43/2+ 273.4 559.7 0.69(2)   
       B=5/2[642](α= −1/2) 
5428.1 45/2+ 303.7 577.2 0.76(4)   4. The B(M1)/B(E2) values read 
5745.3 47/2+ 317.1 621.0 0.49(1) 2.40(11)      from  plot. 
6077.2 49/2+ 331.9 649.4 0.59(2) 2.70(13)  5.  Assumed Q0 = 7 eb. 
6426.9 51/2+ 349.5 681.8 0.58(2) 2.80(33)  6.  The gK-gR values deduced  
6792.3 53/2+ 365.4 715.1 0.50(2) 2.37(13)        in the present work. 
7173.7 55/2+ 381.4 746.9 0.60(2) 2.50(16)   
7574.1 57/2+ 400.0 781.9 0.37(1) 1.80(16)   
7988.4 59/2+ 414.1 815.0 0.81(4) 2.40(52)   
8420.1 61/2+ 431.6 846.6 0.83(4)    
8866.7 63/2+ 446.6 878.6 0.55(2) 2.00(38)   
9330.3 65/2+  910.2     
9806.3 67/2+  939.7     
10300.0 69/2+  969.6     
10808.5 71/2+  1002.2     
11325.0 73/2+  1025.1     
11869.8 75/2+  1061.3     
        
8        2418.0  27/2-     1997HA23 1. Tentative configuration is: 
2890.5 31/2-  472.5    
     ν: 5/2[523](α= +1/2) 
3434.7 35/2-  544.1    
      ⊗5/2[642](α= +1/2) 
4037.0 39/2-  602.3    
      ⊗3/2[651](α= +1/2) 
4686.4 43/2-  649.4     
5387.5 47/2-  701.1     
6145.0 51/2-  757.5     
6936.0 55/2-  791.0     
7733.9 59/2-  797.9     
8551.8 63/2-  817.9     
9440.7 67/2-  888.9     
10380.2 71/2-  939.5     
11377.7 75/2-  997.5     
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
95
163
68 Er  
 
88
157
69 Tm  
 
Elevel 
            keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
9       2630.2 (29/2+)    1997HA23 1. Tentative configuration is: 
2912.7 (31/2+)     
  For  α = +1/2 signature: 
3214.9 (33/2+)  585.1       BEG/BFH 
3469.6 (35/2+)  556.9   
  For  α = −1/2 signature: 
3809.9 (37/2+)  595.2       BEH/BFG 
4067.8 (39/2+)  598.2   
   B=5/2[642](α= −1/2) 
4438.8 (41/2+)  629.0   
   E=5/2[523](α= +1/2) 
4700.3 (43/2+)  632.5   
   G=3/2[521](α= +1/2) 
5089.0 (45/2+)  650.4   
    F=5/2[523](α= −1/2) 
5407.5 (47/2+)  707.2   
    H=3/2[521](α= −1/2) 
5802.6 (49/2+)  713.7   2. BC band crossing is suggested. 
6189.1 (51/2+)  781.6   
    B=5/2[642](α= −1/2) 
6562.3 (53/2+)  759.7   
    C=3/2[651](α= +1/2) 
7020.9 (55/2+)  831.8   3. Signature splitting with  
7322.9 (57/2+)  760.5       signature inversion at I=(53/2+) 
8127.9 (61/2+)  805.0   4. The cross band transitions are  
8986.9 (65/2+)  858.8      too weak for the determination 
9909.5 (69/2+)  922.4     of DCO ratios, so uncertainty of 
10909.1 (73/2+)  999.6   
  1 or 2 units in spin values of  α= 
        +1/2 signature is suggested. 
       
Elevel 
               keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1      2338.6+X 27/2+     1995RI01 1. For  α = −1/2 signature: 
2814.3+X 31/2+  475.5    
      π : 7/2[523](α= +1/2) 
3210.0+X 33/2+ 395.9     
      ν: 3/2[651](α= +1/2) 
3382.9+X 35/2+ 172.8 568.6 0.09(2) 0.95(8)  
         ⊗3/2[521](α= +1/2) 
3788.4+X 37/2+ 405.1 578.5 0.10(2)   
    For  α =+1/2 signature: 
4025.3+X 39/2+ 236.8 642.5 0.10(1) 1.10(15)  
      π : 7/2[523](α= −1/2) 
4426.6+X 41/2+ 400.9 638.3 0.16(1) 0.87(17)  
      ν: 3/2[651](α= +1/2) 
4728.3+X 43/2+ 301.3 703.3    
       ⊗3/2[521](α= +1/2) 
5120.6+X 45/2+ 392.0 695.0    2. Nuclear Reaction: 
5564.1+X 47/2+ 443.0 836.0 0.08(3) 0.76(8)       110Pd (51V, 4n)157Tm 
5953.4+X 49/2+ 389.0 832.8 0.21(6) 1.69(17)        E=220 MeV  
6414.8+X 51/2+ 461.3 850.8 0.14(3) 1.00(12)  3. Strong signature splitting  
6808.6+X 53/2+ 393.8 855.1        with signature inversion 
7184.3+X 55/2+ 375.7 769.5 0.36(10) 0.91(12)      at I=47/2+. 
7601.3+X 57/2+ 417.1 793.2    4. All level energies are relative 
           to energy of 11/2-  at 0+X 
           of h11/2 configuration. 
       5. The B(M1)/B(E2) values read 
            from plot. 
       6.  Assumed Q0 = 4.2 eb. 
    
 
  7.  The gK-gR values deduced  
             in the present work. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
88
157
69 Tm  
 
 
 
 
 96
165
69 Tm  
 
 
 
 
 
Elevel 
               keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
2     3141.6+X 31/2-     1995RI01 1. For  α = +1/2 signature: 
3297.4+X 33/2- 155.3            π: 7/2[523] (α= +1/2) 
3638.8+X 35/2- 341.0 496.9 0.04(3) 2.30(12)         ν: 3/2[651] (α= +1/2) 
3877.9+X 37/2- 239.1 580.6 0.08(1) 2.05(17)           ⊗3/2[651] (α= −1/2) 
4232.9+X 39/2
-
 354.9 594.2 0.08(1) 1.81(34)      For  α = −1/2 signature: 
4508.7+X 41/2- 275.9 630.7 0.08(1) 1.23(8)        π: 7/2[523] (α= −1/2) 
4876.7+X 43/2- 368.0 643.5 0.09(2) 1.77(25)        ν: 3/2[651] (α= +1/2) 
5168.2+X 45/2- 291.2 659.4 0.10(1) 1.38(30)           ⊗3/2[651] (α= −1/2) 
5534.6+X 47/2- 366.5 657.9 0.15(1) 2.51(43)  2. Strong signature splitting with 
5976.1+X 49/2- 440.9 808.0 0.11(2) 1.51(43)       signature inversion at I=47/2-. 
6321.4+X 51/2- 345.2 786.9    3. All level energies are relative 
6749.7+X 53/2- 428.3 773.7 0.11(1) 1.17(19)      to energy of 11/2-  at 0+X 
7136.0+X 55/2- 386.3 814.6 0.18(3) 2.43(38)      of h11/2 configuration. 
7486.5+X 57/2- 350.4 736.8 0.21(2) 3.38(47)  4. The B(M1)/B(E2) values read 
8272.7+X 61/2-  786.2        from plot. 
9352.4+X 65/2-  1079.6    5. Assumed Q0 = 4.2 eb. 
9906.6+X 69/2-  554.1    6. The gK-gR values deduced 
10638.8+X 73/2-  732.2         in the present work. 
        
Elevel 
            keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1      1633.3 17/2-     2001JE09 1. π: 7/2[404] 
1753.5 19/2- 120.3     
    ν: 5/2[642]⊗5/2[523] 
1899.0 21/2- 145.5 265.8 0.13(2) 0.61(13)  2. Nuclear Reactions: 
2067.4 23/2- 168.4 314.0 0.16(2) 0.48(10)  (a) 150Nd (19F, 4n)165Tm 
2256.8 25/2- 189.3 357.8 0.13(1) 0.29(5)         E=85 MeV  
2465.5 27/2- 208.6 398.0 0.13(2) 0.23(5)   (b) 154Sm (15N, 4n)165Tm 
2692.1 29/2- 226.5 435.3 0.14(2) 0.23(5)          E= 70 MeV  
2934.3 31/2- 242.1 468.8 0.17(3) 0.28(9)  3. Signature splitting with 
3193.0 33/2- 258.7 500.9 0.12(2) 0.17(5)      signature inversion at   
3464.9 35/2- 271.8 530.6 0.19(3) 0.28(9)      I=35/2-. 
3748.7 37/2- 283.4 556.0 0.09(4) 0.11(5)  4.  Assumed Q0 = 7.2 eb. 
4045.9 39/2-  580.9    5.  The gK-gR values 
4352.7 41/2-  604.1        deduced in the present 
4673.3 43/2-  627.5        work. 
5003.1 45/2-  650.3     
5347.0 47/2-  673.7     
5701.0 49/2-  697.9           
(6071.6) (51/2-)  724.6     
(6452.3) (53/2-)  751.3     
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
96
165
69 Tm  
 
 
95
165
70 Yb  
 
 
 
Elevel 
               keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
2      1740.8 17/2+     2001JE09 1. π: 7/2[523] 
1857.1 19/2+ 116.3     
    ν: 5/2[642]⊗5/2[523] 
1989.3 21/2+ 132.2 248.4 0.23(6) 1.44(73)  2. Strong signature splitting 
2138.5 23/2+ 149.0 281.5 0.32(3) 1.46(30)      at higher spins. 
2304.7 25/2+ 166.0 315.5 0.28(2) 0.87(11)  3.  Assumed Q0 = 7.2 eb. 
2488.3 27/2+ 183.5 349.8 0.29(1) 0.80(10)  4.  The gK-gR values  
2689.3 29/2+ 200.9 384.7 0.28(1) 0.68(8)       deduced  in the  present  
2907.3 31/2+ 217.9 419.1 0.30(1) 0.69(8)      work. 
3142.2 33/2+ 234.7 453.0 0.31(2) 0.70(9)   
3393.0 35/2+ 250.6 485.8 0.29(1) 0.57(7)   
3658.9 37/2+ 265.7 516.8 0.31(2) 0.63(8)   
3940.3 39/2+ 281.2 547.4 0.30(2) 0.58(9)   
4233.9 41/2+ 293.4 575.2 0.31(2) 0.59(9)   
4543.8 43/2+  603.3     
4861.6 45/2+  627.7     
5202.9 47/2+  659.1     
5525.3 49/2+  663.7     
(5890.7) (51/2+)  687.8     
(6244.8) (53/2+)  719.6     
        
Elevel 
               keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1          1734.1 5/2+    1982RA19 1. π : 7/2[523]⊗7/2[404] 
          ν: 5/2[523] 
      2. Decay study.      
      3. Level energy is adopted  
          from ENSDF. 
       
 2          1978.9 27/2-    1987BE07 1. For  α = −1/2 signature: 
2448.2 31/2-  469.3   
      ν: 3/2[521](α= −1/2) 
2954.1 35/2-  505.9            ⊗3/2[651](α= +1/2) 
3520.2 39/2-  566.1   
         ⊗3/2[651](α= −1/2) 
4155.5 43/2-  635.3   2. Nuclear Reaction: 
4861.2 47/2-  705.7       130Te (40Ar, 5n)165Yb 
5634.4 51/2-  773.2        E=180 MeV  
6473.1 55/2-  838.7    
7377.1 59/2-  904.0    
8343.7 63/2-  966.6    
9368.1 67/2-  1024.4    
       
3           2125.9 (5/2)+    1982RA19 1. π : 7/2[523]⊗7/2[404] 
          ν: 5/2[523] 
      2. Decay study.      
      3. Level energy is adopted from  
          ENSDF. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
95
165
70 Yb  
 
97
167
70 Yb  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Elevel 
               keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)
 (µΝ /eb)2 
Keywords Configuration and Comments  
4           3325 (37/2+)     1987BE07 1. For  α = +1/2 signature: 
3858 (41/2+)  (533)    
      ν: 3/2[651](α= +1/2) 
4435.3 45/2+  577             ⊗3/2[651](α= −1/2) 
5170.2 49/2+  734.9    
         ⊗1/2[660](α= +1/2) 
5985.3 53/2+  815.1     
6880.6 57/2+  895.3     
7845.2 61/2+  964.6     
8865.6 65/2+  1020.4     
9923.7 (69/2+)  1058.1     
        
Elevel 
                keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1         (3815.4) (37/2-)    1996SM05 1. Configuration not known. 
4116.6 (39/2-) (301.6)        Most likely a 3 quasineutron 
4434.5 (41/2-) 317.6 (618.6)       configuration. 
4764.3 (43/2-) 330.0 (648.3)   2. Nuclear Reaction: 
5106.2 (45/2-) 341.7 671.3        124Sn (48Ca, 5n)167Yb 
5454.0 (47/2-) 347.6 690.3        E=210 MeV  
5812.7 (49/2-) 358.7 706.8   3. Signature splitting more 
6178.7 (51/2-) 366.0 724.0       pronounced at higher spins. 
6552.9 (53/2-) 374.0 741.0   4. All level energies are relative  
6936.2 (55/2-) 383.5 757.0       to 11/2-[605] state. 
7335.1 (57/2-)  782.2   5. Level energies are adopted  
7744.0 (59/2-)  807.8       from ENSDF. 
(8173.9) (61/2-)  (838.7)    
(8605.0) (63/2-)  (861.0)    
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105
175
70 Yb  
 
 
 
 
 
177
70 105Yb  
    
 
 
 
 
 
 
 
 
 
        Elevel 
       keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1   1497.3 3/2+     1969FU03 1. Tentatively assigned  as a 3qp band 
    
  
 
     π: 1/2[411]⊗9/2[514] 
                    ν: 7/2[514] 
       2. Decay study. 
       3. Half-life of bandhead is < 0.1 ns. 
       4. Level energy is adopted from  
            ENSDF. 
        
2   1793.4 3/2+     1969FU03 1. Tentatively assigned  as a 3qp band 
    
  
 
     π: 1/2[411]⊗7/2[523] 
            ν: 5/2[523] 
      
 
2. Level energy  is adopted from  
      
 
     ENSDF. 
        
3   1891.8 1/2+     1969FU03 1. Tentatively assigned  as a 3qp band 
    
  
 
     π: 1/2[411]⊗9/2[514] 
            ν: 7/2[514] 
      
 
2. Level energy is adopted from  
      
 
     ENSDF. 
4   2114.1 1/2+     1969FU03 1. Tentatively assigned  as a  3qp band 
    
  
 
     π: 1/2[411]⊗7/2[523] 
            ν: 5/2[523] 
       2. Level energy is adopted from  
            ENSDF. 
           Elevel 
          keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1.      1175.5 15/2+     2005NC01 1.Tentative configuration assignment 
1377.5 17/2+ 202     
    ν: 9/2[624]⊗7/2[514]⊗ 1/2[510]      
1600.5 19/2+ 223 425    2.    Nuclear Reaction: 
1844.5 21/2+ 244 467                176Yb(136Xe,135Xeγ)177Yb 
               E=750 MeV 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
88
159
71 Lu  
 
92
163
71 Lu  
 
 
 
 
 
 
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1     2357.3+X 25/2+    1995MA46 1. π: 7/2[523](α= −1/2) 
2669.1+X  27/2+ 311.8    
    ν: 3/2[651](α= +1/2) 
2801.1+X  29/2+ 132.0    
      ⊗3/2[521](α= −1/2) 
3153.5+X 31/2+ 352.4 484.4   2. Nuclear Reaction: 
3358.7+X 33/2+ 205.2 557.6        144Sm (19F,4n)159Lu 
3749.5+X 35/2+ 390.8 596.0        E=105 MeV  
4002.3+X 37/2+ 252.8 643.6   3. Strong signature splitting. 
4379.0+X 39/2+ 376.7    4. Level energies are adopted from  
4680.3+X 41/2+ 301.3 678.0        ENSDF. 
5498.2+X 45/2+  817.9    5. All level energy are relative to  
           11/2- state. 
Elevel 
                 keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1.    2410.8 21/2+    2004JE03 1. Competing configurations are: 
2437.0 23/2+       (a)   π: 7/2[404] , ν: AB 
2540.8 25/2+ 103.8 130.0     (b)   π: 5/2[402] , ν: AB 
2681.0 27/2+ 140.3 244.0 0.42(10)    (c)    π: 1/2[411] , ν: AB 
2861.2 29/2+ 180.2 320.4 0.75(18)    Configuration (a) is suggested as most 
3078.3 31/2+ 217.2 397.3 0.52(7)    favorable for lower part of the band. 
3323.9 33/2+ 245.5 462.7 1.04(44)  
     A=5/2[642](α= +1/2) 
3572.0 35/2+ 248.2 493.7 0.34(9)  
     B=5/2[642](α= −1/2) 
3892.5 37/2+ 320.4 568.6 5.5(22)  2. Nuclear Reaction: 
4150.7 39/2+ 258.2 578.7        139La (29Si,5n)163Lu 
4529.3 41/2+ 378.8 636.8        E=157 MeV  
4817.2 43/2+ 287.7 666.5   3.  Signature splitting more 
5243.1 45/2+  713.8         pronounced at higher spins. 
5559.4 47/2+  742.2   4.  Signature inversion at I= 55/2+.       
6005.8 49/2+ 446.6 762.7   5.  Proposed configuration for top  
6355.8 51/2+ 349.7 796.4         part of band is : 
6718.8 53/2+ 363.3 713.0       π: 9/2[514] , ν: AEBC 
7133.1 55/2+ 414.0 777.3   
     A=5/2[642](α= +1/2) 
7506.7 57/2+ 373.9 787.9   
     B=5/2[642](α= −1/2) 
7955.8 59/2+ 448.8 822.7   
     C=3/2[651] (α= +1/2) 
8386.9 61/2+  880.2   
     E=5/2[523] (α= +1/2) 
8855.7 63/2+  899.9   6. Level energies are deduced using  
9330.7 65/2+  943.8   
     given Eγ (E2) energies. 
9816.2 67/2+  960.5   7.The B
 
(Μ1)/B
 
(E2) values deduced in 
10333.6 69/2+  1002.9      the present work by taking intensities  
         from XUNDL and assuming 0.1 keV 
         error in gamma ray energies. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
92
163
71 Lu  
 
94
165
71 Lu  
 
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)
 (µΝ /eb)2 
Keywords Configuration and Comments  
2       4309.4 37/2-    2004JE03 1.   π: 9/2[514] , ν:  AB 
4579.1 39/2- 269.7    
     A=5/2[642](α= +1/2) 
4831.4 41/2- 252.2 522.0   
     B=5/2[642](α= −1/2) 
5116.4 43/2- 285.1 537.3 0.55(38)  2. Signature splitting with 
5419.8 45/2- 303.3 588.4 0.80(37)       signature inversion at the  
5757.1 47/2- 337.4 640.7 0.82(36)       top of band. 
6108.5 49/2- 351.2 688.7 0.72(31)  3. Level energies are deduced using  
6502.6 51/2- 394.5 745.7 0.81(35)  
    given Eγ (E2) energies. 
6907.7 53/2- 404.7 799.2 0.97(38)  4. The B
 
(Μ1)/B
 
(E2) values deduced 
7351.1 55/2- 443.8 848.5       in the present work by taking  
7814.2 57/2- 462.7 906.5       intensities  from XUNDL and 0.1 keV 
8291.1 59/2- 477.3 940.0      assuming  0.1keV error in gamma ray 
8790.8 61/2- 499.1 976.4      Energies. 
9284.5 63/2-  993.4    
9805.8 65/2-  1015.0    
10875.8 69/2-  1071.0    
       
         Elevel 
         keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1         2544.7+X 27/2+    2004SC14 1.   π: 9/2[514] , ν: AE 
2764.9+X 29/2+ 220.2    
     A=5/2[642](α= +1/2) 
2968.1+X 31/2+ 203.1 423.4   
     E=5/2[523](α= +1/2) 
3200.6+X 33/2+ 244.1 435.7   2. Nuclear Reaction: 
3436.3+X 35/2+ 235.6 468.2        139La (30Si,4n)165Lu 
3704.9+X 37/2+ 268.6         E=152 MeV  
3980.9+X 39/2+ 275.2 544.6 0.14(2)  3.  BC crossings suggested 
4269.7+X 41/2+ 288.8 564.8 12.1(37)       at higher spins. 
4579.4+X 43/2+ 309.1 598.5 0.61(5)  
     B=5/2[642](α= −1/2) 
4888.2+X 45/2+ 309.4 618.5 1.61(4)  
     C=3/2[651](α= +1/2) 
5220.8+X 47/2+ 331.9 641.4 1.22(2)  4.  Signature splitting more  
5539.3+X 49/2+ 318.6 651.1 1.62(3)        pronounced at higher spins. 
5900.0+X 51/2+ 360.1 679.2 1.69(18)  5.The B
 
(Μ1)/B
 
(E2) values deduced  
6236.0+X 53/2+ 336.0 696.7 2.20(5)      in the present work by taking  
6632.9+X 55/2+ 395.8 732.9 1.26(4)      intensities  from ENSDF and  
6997.4+X 57/2+ 365.9 761.4 1.09(26)      assuming 0.1 keV error in gamma  
7439.8+X 59/2+ 442.0 806.9 0.42(3)      ray energies. 
7836.9+X 61/2+ 398.6 839.5 2.64(13)  6. Level energies are deduced  
8331.5+X 63/2+ 493.2 891.7 0.79(11)      using given Eγ (E2) energies. 
8754.1+X 65/2+  917.2    
9309.4+X 67/2+  977.9    
9742.0+X 69/2+  987.9    
10367.8+X 71/2+  1058.4    
10793.2+X 73/2+  1051.2    
11497.5+X 75/2+  1129.7    
11898.6+X 77/2+  1105.4    
12679.5+X 79/2+  1182.0    
13040.8+X 81/2+  1142.2    
14199.3+X 85/2+  1158.5    
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
 
100
171
71 Lu  
 
 
 
 
 
Elevel 
            keV 
Ipi        Eγ (Μ1) 
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1     1240.9 15/2-     1998BB02 1. π: 7/2[404] 
1381.7 17/2- 140.8     
    ν: 7/2[633]⊗1/2[521] 
1541.9 19/2- 160.3 301.0 0.08(1) 0.11(25)  2. Nuclear Reaction: 
1721.1 21/2- 179.4 339.4 0.09(1) 0.08(1)  
     
160Gd (19F,α4n)171Lu 
1919.0 23/2- 197.7 377.1 0.07(1) 0.04(1)        E=103,105 MeV  
2135.4 25/2- 216.1 414.3 0.09(1) 0.05(1)  3. Signature splitting becomes 
2369.7 27/2- 234.0 450.7 0.12(1) 0.09(1)       strong at  higher spins. 
2621.9 29/2- 251.7 486.5 0.13(1) 0.08(1)  4. The B(M1)/B(E2)  and  
2891.1 (31/2-)  521.4    
    gK-gR values read from  
3177.1 33/2-  555.2         plots. 
3479.0 (35/2-)  587.9    5. Assumed Q0 = 7.3 eb and  
3796.4 37/2-  619.4         gR = 0.35. 
4128.1 (39/2-)  649.0     
4478.4 (41/2-)  682.0     
4836.0 (43/2-)  707.9     
5213.9 (45/2-)  735.5     
5990.7 (49/2-)  776.8     
        
2     1269.3  13/2+     1998BB02 1. π: 1/2[541] 
1352.7 15/2+ 84.7     
    ν: 7/2[633]⊗1/2[521] 
1454.4 17/2+ 101.5 185.1 0.32(13) 0.35(25)  2. Mixing with  7/2[404]π 
1576.3 19/2+ 121.9 223.7 0.33(4) 0.28(6)       band at I=27/2+. 
1717.8 21/2+ 141.7 263.1 0.33(3) 0.18(3)  3. Strong signature splitting.   
1874.7 23/2+ 156.9 298.4 0.25(1) 0.1(1)  4.  Bandhead is uncertain.      
2043.6 25/2+ 169.0 325.8 0.31(1) 0.24(1)  5. The B(M1)/B(E2)  and  
2247.2 27/2+ 203.5 372.5 0.27(1) 0.11(1)  
    gK-gR values read from  
2447.7 29/2+ 200.4 404.1 0.29(1) 0.11(1)       plots. 
2695.2 31/2+ 247.4 448.0 0.33(1) 0.18(1)  6.  Assumed Q0 = 7.3 eb and      
2925.4 33/2+ 230.1 477.7 0.26(1) 0.11(1)       gR = 0.35. 
3218.3 35/2+ 292.3 523.1 0.27(1) 0.13(1)   
3475.7 37/2+ 257.5 550.4 0.28(1) 0.13(1)   
3813.6 39/2+  595.3     
4098.3 41/2+  622.5     
4477.8 (43/2+)  664.2     
4792.1 (45/2+)  693.9     
5206.9 (47/2+)  729.2     
5556.3 (49/2+)  764.1     
5996.5 (51/2+)  789.6     
6389.3 (53/2+)  833.0     
6844.3 (55/2+)  847.8     
7290.3 (57/2+)  901.1     
7748.7 (59/2+)  904.4     
8255.2 (61/2+)  964.9     
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
100
171
71 Lu  
 
104
175
71 Lu  
 
 
 
 
 
Elevel 
           keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
3    1843.9 21/2-    1998BB02 1. π: 1/2[541]⊗1/2[411] 
2047.2 23/2-     
        ⊗7/2[404] 
2268.4 25/2-  424.7   2. B(M1)/B(E2) ratio ∼ 0.001 
2509.1 27/2-  462.0   
    (µΝ /eb)2. 
2766.7 (29/2-)  498.3    
3041.9 (31/2-)  532.7    
3328.1 (33/2-)  561.5        
3620.0 (35/2-)  578.1    
3913.3 (37/2-)  585.2    
4216.7 (39/2-)  596.7    
       
4    2624.5 27/2(+)    1998BB02 1. π: 1/2[541] 
3096.8 (31/2+)  472.4   
    ν: 7/2[633]⊗1/2[521] 
3640.8 (35/2+)  544.0    
4255.7 (39/2+)  614.9    
       
Elevel 
       keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1   1391   19/2+    1998WH02 1.  π: 7/2[404] 
     2004GA04 
      ν: 7/2[514]⊗5/2[512] 
      2.  Nuclear  Reaction 
      
175Lu(238U, 238U’)175Lu 
           E = 1600 MeV 
      3.  Half-life of bandhead is  
      
     984(33) µs. 
       
2   1511 (9/2+)    1971MI01 1. Tentative configuration is: 
1644 (11/2+)          π: 7/2[404] 
1799 (13/2+)     
     ν: 7/2[514]⊗5/2[512] 
      2. Nuclear Reaction: 
      
       176Lu(d,t)175Lu 
           E= 12 MeV 
       
3   1590 (13/2+)    1971MI01 1. Tentative configuration is: 
1785 (15/2+)          π: 7/2[404] 
      
     ν: 7/2[514]⊗1/2[521] 
       
4   1732 (15/2+)    1971MI01 1. Tentative configuration is: 
           π: 7/2[404] 
      
     ν: 7/2[514]⊗1/2[521] 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
106
177
71 Lu  
 
 
Elevel 
        keV 
Ipi        Eγ (Μ1)
 keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2) 
(µΝ /eb)2 
Keywords Configuration and Comments  
1       970   23/2-     2004DR06 1. π: 7/2[404] 
1243 25/2- 272.8    
     ν: 7/2[514]⊗9/2[624] 
1537 27/2- 293.5 566.4 0.090(10)   2. Nuclear Reaction: 
1851 29/2- 314.1 607.8 0.119(12)        136Xe beam at 816 MeV on natural  
2185 31/2- 334.4 648.3 0.111(8)       Lu target and enriched 176Lu and  
2539 33/2- 353.8 688.4 0.099(13)       176Yb targets. 
2912 35/2- 372.8 726.8 0.119(25)   3. Half-life of bandhead is 160.44 d. 
3304 37/2- 392.2 764.6 0.055(35)   4. Assumed Q0 = 7.32  eb . 
   
 
    
2  1049.5 (9/2-)  
 
  1995SH18 1. Tentative configuration is: 
1187.9 (11/2-)  
 
  
 
    π: 7/2[404] 
1348.5 (13/2-)  
 
 
  
    ν: 7/2[514]⊗9/2[624] 
   
 
   2. Nuclear Reaction: 
   
 
 
  
     176Lu(n,γ) 177Lu 
  
 
       E= Thermal 
  
 
    
3  1230.4 11/2+  
 
  1971MA45 1. π: 9/2[514] 
1388.0 13/2+  
 
 
 1979BE54 
    ν: 7/2[514]⊗9/2[624] 
1566.2 15/2+  
 
   2. Nuclear Reaction: 
   
 
 
  
    
176Lu(n,γ)177Lu 
   
 
       E= Thermal 
   
 
   3.Half-life of bandhead is 60(15) ps. 
   
 
    
4. 1241.5 (7/2+)  
 
  1971MA45 1. Tentative configuration is: 
   
 
  1979BE54     π: 9/2[514] 
   
 
 
  
    ν: 7/2[514]⊗9/2[624] 
   
 
   2. Nuclear Reaction: 
   
 
 
  
    
176Lu(n,γ)177Lu 
   
 
       E= Thermal 
   
 
   3. Half-life of bandhead is 20 ps. 
   
 
   4. Level energy is adopted from  
   
 
       ENSDF. 
   
 
    
5.   1325 25/2+  
 
 
 
2004DR06 1. π: 9/2[514] 
1606 27/2+ 281.3 
 
 
 
     ν: 7/2[514]⊗9/2[624] 
1907 29/2+ 301.4 582.9 0.200(14)   2. Half-life of bandhead is 62.4(35)  
2229 31/2+ 321.4 623.1 0.208(17)       ns. 
   
 
   3. Assumed Q0 = 7.32 eb . 
   
 
   4. Nuclear Reaction: 
   
 
   
     136Xe beam at 816 MeV on natural  
   
 
       Lu target and enriched 176Lu and  
   
 
       
176Yb targets. 
   
 
    
6. 1336.5 7/2+  
 
  1971MA45 1. π: 9/2[514] 
1443.3 9/2+  
 
 
 
     ν: 7/2[514]⊗9/2[624] 
1574.5 11/2+  
 
   2. Nuclear Reaction: 
   
 
 
  
    
176Lu(n,γ)177Lu 
   
 
       E= Thermal 
   
 
    
 67 
 
TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
106
177
71 Lu
 
 
Elevel 
           keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)
 (µΝ /eb)2 
Keywords Configuration and Comments  
7     1356.5 15/2+  
 
  1975GE11 1. π: 7/2[404] 
1545.2 17/2+  
 
 
 1996PE05 
    ν: 7/2[514]⊗1/2[510] 
1749.0 19/2+ (205.8)     2. Nuclear Reaction: 
   
 
 
  
    
176Lu(n,γ)177Lu 
   
 
       E= Thermal 
   
 
   3. Half-life of bandhead is 11.1(1) ns. 
   
 
   4. In 1996PE05, E=1545.5 level has  
   
 
 
  
   been  assigned 7/2[404]π⊗9/2[514]π 
   
 
 
  
   ⊗1/2[541]π configuration with  
   
 
      half-life 0.8(+2-1) ns. 
   
 
    
8     1437.9 (17/2-)     2002DRZZ 1. Competing configurations are: 
1670.9 (19/2-) 233.4    
 
(a)  π: 9/2[514] 
1925.3 (21/2-) 254.0 487.0    
      ν: 7/2[514]⊗1/2[510] 
2200.1 (23/2-) 274.0 530.0    (b)  π: 7/2[404] 
   
 
 
  
      ν: 9/2[624]⊗1/2[510] 
   
 
   2. Nuclear Reaction: 
   
 
 
  
     176Yb(7Li,α2n) 177Lu 
   
 
       E=37 MeV 
   
 
   3. Level energies are adopted from 
   
 
       ENSDF. 
   
 
   4. Half-life of bandhead is < 13 ns. 
   
 
    
9     1453.9 13/2+  
 
  1975GE11 1. π: 7/2[404] 
1607.5 15/2+  
 
 
 
     ν: 7/2[514]⊗1/2[521] 
1786.3 17/2+ (178.9) 
 
   2. Nuclear Reaction: 
   
 
 
  
    
176Lu(n,γ)177Lu 
   
 
       E= Thermal 
   
 
    
10   1502.6 13/2+  
 
  1975GE11 1. π: 7/2[404] 
1677.9 15/2+ (175.3) 
 
 
 1996PE05 
    ν: 7/2[514]⊗1/2[510] 
1880.1 17/2+ (202.2) 
 
   2. Nuclear Reaction: 
   
 
 
  
    
176Lu(n,γ)177Lu 
   
 
       E=  Thermal 
   
 
   3. Half-life of bandhead is < 0.2  ns. 
   
 
    
11   1617.0 9/2+  
 
  1971MA45 1. Tentative configuration is: 
1750.7 11/2+ 133.8 
 
  
 
    π: 1/2[411] 
1906.5 13/2+ 155.9 289.6    
    ν: 7/2[514]⊗1/2[510] 
2084.4 15/2+ 177.7 333.1    2. Nuclear Reaction: 
   
 
 
  
     176Lu(n,γ) 177Lu 
   
 
      E = Thermal 
   
 
 
 
 
 
12   1632.8 (15/2+)  
 
  1975GE11 1. Tentative configuration is: 
1812.4 (17/2+)  
 
       π: 7/2[404] 
   
 
 
  
    ν: 7/2[514]⊗1/2[521] 
   
 
   2. Nuclear Reaction: 
   
 
 
  
    
176Lu(n,γ)177Lu 
   
 
       E= Thermal 
   
 
   3. Level energies are adopted from  
   
 
       ENSDF. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
106
177
71 Lu  
 
 
 
93
165
72 Hf  
 
 
 
 
 
 
 
 
 
Elevel 
                keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
KeV  
B
 
(Μ1)/B
 
(E2)
 (µΝ /eb)2 
Keywords Configuration and Comments  
13         1717.5 7/2+    1971MA45 1. Tentative configuration is: 
1827.7 9/2+ 109.8   
 
    π: 1/2[411] 
1960.6 11/2+ 132.8 242.74   
    ν: 7/2[514]⊗1/2[510] 
2116.6 13/2+ 155.9    2. Nuclear Reaction: 
   
 
  
     176Lu(n,γ) 177Lu 
   
 
     E = Thermal 
   
 
   
14         1728.6 13/2+  
 
 1971MA45 1. Tentative configuration is: 
1924.9 15/2+ 196.4 
 
 
 
    π: 5/2[402] 
2154.5 17/2+ 229.6 426.1   
    ν: 7/2[514]⊗1/2[510] 
   
 
  2. Nuclear Reaction: 
   
 
  
     176Lu(n,γ) 177Lu 
   
 
     E = Thermal 
   
 
   
15         1882.0 11/2+  
 
 1971MA45 1. Tentative configuration is:  
2054.0 13/2+ 171.2 
 
 
 
    π: 5/2[402] 
2247.5 15/2+ 194.6 
 
  
    ν: 7/2[514]⊗1/2[510] 
   
 
  2. Nuclear Reaction: 
   
 
  
     176Lu(n,γ) 177Lu 
   
 
     E = Thermal 
   
 
 
 
 
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration  and  Comments  
1     1732.0 23/2-    1993NE01 1. ν: 3/2[651]⊗3/2[651] 
2066.6 27/2-  334.6   
        ⊗3/2[521]  
2470.8 31/2-  404.2   2. Nuclear reaction: 
2959.5 35/2-  488.7       130Te (40Ca, 5n) 165Hf 
3559.0 39/2-  599.9       E=195 MeV 
4275.6 43/2-  716.6   3. CD crossing at  ηωc=0.434  
5086.2 47/2-  810.6        MeV suggested. 
5929.6 51/2-  843.4   
    C=1/2[660](α= +1/2)     
6779.2 55/2-  849.6   
    D=1/2[660](α= −1/2)     
7666.4 59/2-  887.2   4. Level energies are adopted  
8603.2 63/2-  936.8         from XUNDL. 
9584.1 67/2-  980.9    
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
 
97
169
72 Hf  
 
 
 
 
 
 
 
 
 
 
Elevel 
           keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1    1734.0 (15/2+)     2001SC49 1. Tentative configuration is:    
1866.9 (17/2+) 132.9     
   π:5/2[402]⊗1/2[411] 
2012.5 (19/2+) 145.6 278.5 0.08(2)       ν: 5/2[642]    
2191.3 (21/2+) 178.8 324.4 0.30(3) 1.27(18)  2. Nuclear reaction: 
2384.0 (23/2+) 192.7 371.5 0.36(5)       96Zr (76Ge,3n)169Hf 
2597.4 (25/2+) 213.5 406.2 0.62(8) 1.50(20)      E=310 MeV 
2840.3 (27/2+) 242.8 456.3 0.45(2) 3.50(49)  3. BC crossing at  ηωc=0.315 MeV 
3107.0 (29/2+) 266.7 509.5 0.51(5) 1.82(27)        is suggested. 
3395.3 (31/2+) 288.3 555.1 0.56(8) 2.00(27)  
     B=5/2[642](α= −1/2) 
3699.8 (33/2+) 304.5 592.8 0.55(6)   
     C=3/2[651](α= +1/2) 
4020.0 (35/2+) 320.2 624.6 0.63(9)   4. Level energies are adoped from 
4350.1 (37/2+) 330.2 650.3 0.64(8)        XUNDL . 
4685.0 (39/2+) 334.9 665.1 0.53(13)   5. The B(M1)/B(E2) values read 
5027.0 (41/2+) 342.0 676.9 0.75(18)        from plot.  
5370.9 (43/2+) 343.9 685.9 0.72(19)   6.  Assumed Q0 = 6 eb. 
6097.5 (47/2+)  726.6    7. The gK-gR values deduced in 
    
        the present work assuming 0.1  
    
        keV error in gamma ray ener- 
    
        gies. 
        
2    1952.9 (21/2-)     2001SC49 1. π: 9/2[514]⊗1/2[411] 
2140.8 (23/2-) 187.9         ν: 5/2[642]    
2357.4 (25/2-) 216.6 404.5 0.14(1)   2. Half-life of bandhead is ~10 ps. 
2597.4 (27/2-) 240.0 456.6 0.16(1) 1.80(23)  3. Undergoes BC crossing. 
2856.9 (29/2-) 259.5 499.5 0.41(1) 1.33(16)  
     B=5/2[642](α= −1/2) 
3134.1 (31/2-) 277.2 536.7 0.31(3) 5.26(72)  
     C=3/2[651](α= +1/2) 
3424.9 (33/2-) 290.8 568.0 0.42(6) 2.36(36)  4.Small signature splitting with 
3728.6 (35/2-) 303.7 594.5 0.36(6) 3.59(46)      signature inversion at at I=47/2-. 
4041.2 (37/2-) 312.6 616.3 0.40(4)   5. Level energies are adopted from 
4360.8 (39/2-) 319.6 632.2 0.39(5)       XUNDL. 
4687.8 (41/2-) 327.0 646.6 0.41(6)   6. The B(M1)/B(E2) values read 
5020.7 (43/2-) 332.9 659.9 0.42(5)        from plot.  
5361.4 (45/2-) 340.7 673.6 0.42(10)   7.  Assumed Q0 = 6 eb. 
5711.4 (47/2-) 350.0 690.7 0.47(8)   8. The gK-gR values deduced in 
6077.2 (49/2-) 365.8 715.8 0.43(11)        the present work assuming 0.1 
6455.1 (51/2-) 377.9 743.7 0.53(14)        keV  error in gamma ray ener- 
6854.0 (53/2-) 398.9 776.8 0.45(14)        gies. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
 
99
171
72 Hf  
 
 
101
173
72 Hf  
 
 
 
 
 
Elevel 
          keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1    1645.3 19/2+     1997CU01 1. π: 7/2[404]⊗5/2[402] 
1794.2 21/2+ 149.4         ν: 7/2[633]    
1977.4 23/2+ 183     2.  Nuclear reactions: 
2189.3 25/2+ 212      (a)  128Te (48Ca,5n)171Hf 
2426.1 27/2+ 236.9 448.5 0.383(21) 1.97(12)          E=200 MeV 
2685.6 29/2+ 259.4 496.4 0.412(28) 2.04(12)   (b)  160Gd (18O,7n)171Hf 
2966.5 31/2+ 280.8 540.6 0.398(21) 1.65(9)          E=106 MeV 
3266.3 33/2+ 299.9 580.6 0.398(21) 2.08(12)  3.  Small signature splitting with 
3584.5 35/2+ 318.5 617.9 0.426(21) 1.62(10)        signature inversion  at I=37/2-. 
3920.4 37/2+ 336 654    4.  Half-life of bandhead is 6.2(14) ns. 
4262.5 39/2+ 342 678    5.  Exp. gK =0.65(5) for gR =0.25(5)         
4615.5 41/2+ 353 695    6.  Level energies are adopted from 
4965.5 43/2+ 350 703         ENSDF. 
 
 
     7.  Assumed Q0 =7.1 eb 
 
 
  
   8.  The gK-gR values read from plot. 
 
 
  
   9.The B
 
(Μ1)/B
 
(E2) values are deduced  
 
 
           in the present work assuming  0.1  
 
 
           keV error in gamma ray energies. 
 
 
      
2    1984.8 23/2-     1997CU01 1. π: 7/2[404]⊗9/2[514] 
2161.2 25/2- 177         ν: 7/2[633]    
2371.5 27/2- 211 388    2.  Half-life of bandhead is18(2) ns. 
2610.8 29/2- 239.4 449.4 0.440(57) 6.3(15)  3. Exp. gK = 0.72(5) for gR =0.25(5) 
2876.2 31/2- 265.6 504.6 0.433(36) 2.37(36)  4. Level energies are adoped from 
3165.4 33/2- 289.3 554.3 0.447(36) 3.86(58)      ENSDF. 
3476.2 35/2- 311 601    5.  Assumed Q0 =7.1 eb 
3807.0 37/2- 331.0 641.4 0.561(64) 4.82(99)  6.  The gK-gR values read from  plot. 
4156.3 39/2- 349.2 680.6 0.533(64) 3.85(84)  7.The B
 
(Μ1)/B
 
(E2) values are deduced  
4521.8 41/2- 366.4 715.3 0.57(13) 4.4(19)        in the present work assuming  0.1  
4901.8 43/2- 381 744          keV error in gamma ray energies. 
5292.2 45/2- 390 771     
5692.0 472- 400 790     
        
Elevel 
         keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1    1077.4 (13/2+)    1991FA06 1. ν: 1/2[521]⊗5/2[512] ⊗7/2[633] 
1207.6 (15/2+) 130.2    2. Nuclear reaction: 
1354.5 (17/2+) 146.8 (277)       160Gd (18O, 5n)173Hf 
(1521) (19/2+) (166)          E= 88 MeV 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
 
101
173
72 Hf  
 
 
 
103
175
72 Hf  
 
Elevel 
        keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
2  1699.7 19/2+     1991FA06 1. π: 7/2[404]⊗5/2[402] 
1816.5 21/2+ 116.8         ν: 7/2[633]    
2005.7 23/2+ 189.2 (306) 0.36(+3-5)   2. Half-life of bandhead is ≤ 4.9 ns. 
2222.3 25/2+ 216.6 405.8 0.43(+6-8) 3.9(13)  3. Exp gK = 0.59(3) for gR =0.25  
2464.0 27/2+ 241.7 458.4 0.28(5) 1.10(36)      The values of gK are lower limits since 
2728.4 29/2+ 264.4 506.1 0.32(+5-6) 1.27(30)       gR values may be higher than 0.25. 
3014.1 31/2+ 285.7 550.3 0.24(+4-5) 0.59(12)  4. Pure K and  Q0 =7.1 eb assumed. 
3318.9 33/2+ 304.8 590.7 0.33(+7-8) 1.08(46)  5.  The gK-gRvalues read from plot. 
3642.0 35/2+ 323.1 628.1 0.37(+5-6) 1.28(66)  6.The B
 
(Μ1)/B
 
(E2) values are deduced 
  3981.4 37/2+ 339.6 662.5 0.40(+10-15) 1.34(72)       in the present work assuming  0.1 keV 
4341.5 39/2+ 360.0 699.5  5.1(30)       error in gamma ray energies. 
4715 41/2+  (734)     
        
3  1981.3 23/2-     1991FA06 1. π: 7/2[404]⊗9/2[514] 
2144.6 25/2- 163.3         ν: 7/2[633]  
2353.7 27/2 209.1 372.0 0.34(+4-6) 6.3(26)  2. Half-life of bandhead is 19.5(6) ns. 
2595.7 29/2- 242.0 450.8 0.35(+2-3) 3.73(93)  3. Exp. gK = 0.62(2)   for gR =0.25 
2864.9 31/2- 269.2 511.3 0.40(2) 3.59(91)  4. Pure K and  Q0 =7.1 eb assumed. 
3158.7 33/2- 293.8 563.3 0.41(+3-4) 3.2(10)  5.  The gK-gRvalues read from plot. 
3474.2 35/2- 315.5 609.3 0.33(3) 2.21(81)  6.The B
 
(Μ1)/B
 
(E2) values are deduced 
3810.5 37/2- 336.3 651.8 0.45(+6-7) 2.7(10)       in the present work assuming  0.1 keV 
4165.5 39/2- 355.0 (691.3) 0.36(+6-8) 2.0(11)       error in gamma ray energies. 
        
Elevel 
           keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1   1433.3 19/2+     1980DR06 1. π:7/2[404]⊗5/2[402] 
1545.3 21/2+ 112.0         ν: 7/2[633]    
1735.2 23/2+ 189.9 302.2 0.295(+34-10)   2. Nuclear reaction: 
1953.8 25/2+ 218.6 408.6 0.317(+7-6)       170Er (9Be, 4n)175Hf 
2195.3 27/2+ 241.7 460.0 0.383(+12-8)         E=44 MeV 
2458.5 29/2+ 263.2 504.6 0.278(+11-9)   3. Half –life of bandhead is  
2741.6 31/2+ 283.3 546.1         1.10(8) µs. 
3044.2 33/2+ 302.2 585.9    4.  Pure K and  Q0 =7.1 eb assumed. 
    
         
    
    
 2    1766.5 23/2-     1995GJ01 1. π: 7/2[404]⊗9/2[514] 
1904.6 25/2- 138.1    1980DR06     ν: 7/2[633]    
2114.3 27/2- 209.7 347.9 0.40(1) 9.23(85) 2004SC41 2. Half-life of bandhead is 1.16(11) 
2360.2 29/2- 246.0 455.6 0.48(1) 7.64(43)      ns. 
2634.4 31/2- 274.2 520.1 0.44(1) 4.66(20)  3.  Pure K and  Q0 =7 eb assumed. 
2933.0 33/2- 298.6 572.8 0.44(1) 3.86(14)  4. Exp. gK = 0.67(−11) for gR  
3254.0 35/2- 321 620        = 0.28(5).   
3594.0 37/2- 340 661    5. The B
 
(Μ1)/B
 
(E2) and gK-gR  
3952.0 39/2- 358 698        values are deduced in the present  
    
       work. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
105
177
72 Hf  
 
 
107
179
72 Hf  
 
 
 
 
 
 
 
Elevel 
             keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1    1315.0 23/2+     1998MU14 1. π:7/2[404]⊗9/2[514] 
1593.0 25/2+ 277.3         ν: 7/2[514]    
1888.0 27/2+ 295.1 572.3 0.45(40) 12.1(16)  2. Nuclear reaction: 
2199.5 29/2+ 311.5 606.3 0.39(22) 4.87(41)      176Yb (9Be, α4n)177Hf 
2525.9 31/2+ 326.5 637.8 0.46(28) 5.07(44)      E=70 MeV 
2865.9 33/2+ 340.1 666.2 0.51(38) 5.19(55)  3. Half-life of band head is 
3217.9 35/2+ 351.9 691.8 0.62(57) 6.66(90)      1.09(5) s. 
3579.6 37/2+ 361.7 713.6 0.69(+86-103) 7.5(15)  4. Exp. gK = 0.68(4)  or  0.75(4)  
3949.0 39/2+ 369.4 (730.7) 0.62(+93-113) 5.6(14)      for gR =0.3 or gR =0.23(2)   
           respectively. 
       5. Assumed Q0 =7.2(1) eb 
        
2     1343.0 19/2-     1998MU14 1. π: 7/2[404]⊗5/2[402] 
1582.5 21/2- 240.6         ν: 7/2[514]    
1846.1 23/2- 263.0 503.4 0.51(+9-14) 8.4(40)  2. Half-life of band head is  
2124.3 25/2- 278.2 541.0 0.419(39) 3.24(61)      55.9(12) µs. 
2416.8 27/2- 292.6 570.5 0.352(36) 1.71(35)  3. Exp. gK = 0.64(5)  or  0.71(5)  
2724.8 29/2- 308.1 600.5 0.345(36) 1.37(25)       for  gR =0.3 or gR =0.23(2)   
3047.8 31/2- 323.2 630.5 0.427(+60-70) 1.85(57)       respectively. 
       4. Assumed Q0 =7.2(1) eb 
        
3     1713.3 25/2-     1998MU14 1. π: 7/2[404]⊗9/2[514] 
1968.3 27/2- 254.8         ν: 9/2[624]    
2249.6 29/2- 281.4 536.3 0.34(21) 8.79(77)  2. Half-life of bandhead is < 1ns. 
2555.1 31/2- 305.4 586.7 0.30(17) 3.73(30)  3. Exp. gK = 0.52(4)  or  0.71(5)  
2882.4 33/2- 327.3 632.6 0.26)17) 1.99(19)      for gR =0.3 or gR =0.23(2)   
3229.2 35/2- 346.9 674.2 0.25(22) 1.59(20)      respectively. 
3593.6 37/2- 364.6 711.2 0.30(40) 1.90(37)  4. Assumed Q0 =7.2(1) eb. 
        
Elevel 
            keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1      1106.0 25/2-     2000MU06 1. π:7/2[404]⊗9/2[514] 
1393.0 27/2- 287.0         ν: 9/2[624]  
1702.0 29/2- 309.6 597.0 0.10(12) 0.69(22)  2. Nuclear reaction: 
2033.9 31/2- 331.3 640.4 0.46(10) 8.7(38)  
   
176Yb (9Be, α2n)Hf177 
2386.6 33/2- 352.8 683.9 0.24(5) 1.78(66)      E=38, 45 and 55 MeV 
2760.0 35/2- 373.5 725.8 0.44(27) 4.9(55)  3. Half-life of bandhead is 25.0(3) d.   
(3151) (37/2-) (392) (765)    4. Exp. gK = 0.60 (7) for gR =0.34(5)    
    
  
 5.The B
 
(Μ1)/B
 
(E2) values are  
         deduced in the present work taking 
         gamma ray energies, intensities 
          and their error from XUNDL. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
107
179
72 Hf  
 
 
109
181
72 Hf  
Elevel 
               keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
2       1310.5 17/2+     2000MU06 1. ν: 1/2[510]⊗9/2[624] 
1521.3 19/2+ 210.9     
        ⊗7/2[514]  
1754.3 21/2+ 232.9 443.2 0.40(11) 4.0(20)  2. Half-life of bandhead is 3(1) ns. 
2008.4 23/2+ 254.3 486.4 0.29(7) 1.24(53)  3. Exp. gK = 0.48(4)  for gR =0.3      
2282.3 25/2+ 273.9    
 4. The B
 
(Μ1)/B
 
(E2) values are   
      
 
   deduced in the present work taking 
      
 
   gamma ray energies, intensities 
      
 
    and their error from XUNDL. 
      
 
 
3          1405.0 23/2+     2000MU06 1. π:7/2[404]⊗9/2[514] 
1713.4 25/2+ 308.6         ν: 7/2[514]  
2044.7 27/2+ 331.2 (639.4)    2. Half-life of bandhead is 4(1) ns.   
2397.2 29/2+ 352.5 683.5    3.  Exp. gK = 0.86(20)  for gR = 
2770.4 31/2+ 373.2 725.5          0.34(5) 
(3162) (33/2+) (392) (765)     
        
4     1404.8+X (21/2+)     2000MU06 1. π:7/2[404]⊗5/2[402] 
1679.8+X (23/2+) 275.0         ν: 9/2[624]    
1974.7+X (25/2+) 294.9 569.6 0.28(7) 3.5(15)  2. Half-life of bandhead is 14(2) ns. 
2287.9+X (27/2+) 313.2 607.5 0.22(6) 1.29(52)  3. Exp. gK = 0.54(5)  for gR =0.34(5) 
    
  
 4. The B
 
(Μ1)/B
 
(E2) values are  
          deduced in the present work taking 
          gamma ray energies, intensities 
          and their error from XUNDL. 
        
5       1688+X (19/2-)     2000MU06 1. π:7/2[404]⊗5/2[402] 
1972+X (21/2-) 268         ν: 7/2[514]    
(2258+X) (23/2-) (287) (556)     
        
6        1827+X (21/2+)     2000MU06 1. π:7/2[404]⊗5/2[402] 
           ν: 5/2[512]    
        
Elevel 
             keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1        1040.5 (17/2+)  
 
 2001SH36 1. π:7/2[404]⊗9/2[514] 
      1239.7 (19/2+) 199.3 
 
      ν: 1/2[510]    
   
 
  2. Half-life of bandhead is 
   
 
 
 
     ~100 µs. 
   
 
  3. Nuclear Reaction:   
   
 
      
180Hf(238U,237U)181Hf   
   
 
       E=1585 MeV 
   
 
  4. Level energies are adopted  
   
 
       from XUNDL. 
   
 
   
2         1381.9 (19/2+)  
 
 2001SH36 1. π:9/2[514]⊗7/2[404] 
   
 
      ν: 3/2[512]    
   
 
  2. Level energy is adopted  
   
 
       from XUNDL. 
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109
181
72 Hf  
 
 
 
169
73 96Ta  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Elevel 
         keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
3   1738.9 (25/2-)  
 
 2001SH36 1. π:9/2[514]⊗7/2[404] 
   
 
      ν: 9/2[624]  
   
 
  2. Half-life of bandhead  is  
   
 
      1.5(5) ms. 
   
 
  3. Level energy is adopted  
   
 
       from XUNDL. 
   
 
   
Elevel 
          keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1.   2217.7 (23/2+)    2006HA46 1. Tentative configuration 
      2623.4 (27/2+)  405.7        assignment is: 
3074.7 (31/2+)  451.3   
        pi h9/2⊗ν(i13/2⊗ p3/2) 
3622.1 (35/2+)  547.4   2.    Nuclear Reaction: 
4225.1 (39/2+)  603                   124Sn(51V,6n)169Ta 
4883.6 (43/2+)  658.5           E=228 MeV 
       
 75 
TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
   
100
173
73 Ta  
 
 
 
 
 
 
 
           Elevel 
          keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1     1479.7 17/2-     1995CA27 1. Competing configurations are: 
1633.3 19/2- 153.4     (a)  π: 5/2[402] 
1805.6 21/2- 172.4 326.0 0.08(1) 0.34(4)  
      ν: 5/2[512]⊗7/2[633]   
1997.0 23/2- 191.3 363.6 0.04(1) 0.12(1)  (b)  π: 7/2[404] 
2205.7 25/2- 208.2 400.3 0.12(1) 0.20(3)  
      ν: 7/2[633]⊗1/2[521]   
2432.6 27/2- 226.3 435.8 0.02(2) 0.07(2)   The observed lowest state with 
2675.4 29/2- 243.7 469.7 0.08(2) 0.06(2)   spin 17/2- favors configuration (a).  
2934.8 31/2- 260.1 502.1  0.08(3)  2. Nuclear reaction: 
3208.3 33/2- 273.3 532.9  0.02(4)      160Gd (19F, 6n)173Ta 
3496.5 35/2-  561.7         E=103-105 MeV 
3797.8 37/2- 301.2 589.5 0.10(6) 0.12(6)  3. Strong signature splitting  at 
4113.2 (39/2-)  616.7        high spins. 
4436.9 (41/2-)  639.1    4. The B(M1)/B(E2) and gK-gR 
4783.3 (43/2-)  670.1        values read from plots.  
5085.7 (45/2-)  648.9    5. Assumed Q0 = 7.0 eb. 
5477.0 (47/2-)  693.8     
5792.5 (49/2-)  706.8     
6207.0 (51/2-)  (730)     
      
 
 
2       1635.9 (19/2+)     1995CA27 1. π: 1/2[541] 
1774.0 (21/2+) 138.7     
    ν: 1/2[521]⊗7/2[633]   
1926.7 (23/2+) 152.7 290.1 0.50(2) 0.20(2)  2. Strong signature splitting with 
2085.1 25/2+           signature inversion at I=57/2-. 
2295.5 27/2+ 210.4 368.4    3. The B(M1)/B(E2) and gK-gR 
2479.0 29/2+ 183.2 394.1 0.66(2) 0.37(3)      values read from plots.  
2743.4 31/2+ 264.6 447.6 0.58(1) 0.28(2)  4. Assumed Q0 = 7.0 eb. 
2957.2 33/2+ 213.5 478.3 0.60(1) 0.31(2)   
3266.6 35/2+ 309.2 523.4 0.62(2) 0.33(3)   
3510.6 37/2+ 244.0 553.3 0.49(6) 0.15(4)   
3862.5 39/2+  595.9     
4137.0 41/2+  626.4     
4524.5 (43/2+)  662.0     
4834.0 (45/2+)  697.0     
5247.1 (47/2+)  722.7     
5596.5 (49/2+)  762.5     
6026.3 (51/2+)  779.1     
6432.2 (53/2+)  835.7     
6845.1 (55/2+)  818.8     
7308.2 (57/2+)  876.0     
7693.1 (59/2+)  848.0     
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100
173
73 Ta  
 
 
102
175
73 Ta  
           Elevel 
          keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
3    1713.6+X (21/2-)     2006TH07 1. Mixing of following two  
            configurations suggested 
    
   
  π:  9/2[514]⊗7/2[404] ⊗5/2[402]   
         π: 7/2[404] 
    
   
  ν: 7/2[514]⊗7/2[633]    
       2. Nuclear reactions: 
           
165Ho (12C, 4nγ)173Ta 
                   E=66 MeV 
    
   3. Exp gK =0.63(1) for gR =0.44 
            (10). 
       4. Half-life of bandhead is 132(3) 
            ns. 
         Elevel 
        keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2) 
 (µΝ /eb)2 
Keywords Configuration and Comments  
1      1551.7 17/2+     1996KO17 1. Competing configurations are: 
1650.5 19/2+ 98.8     (a)  π: 9/2[514] 
1793.2 21/2+ 142.7     
      ν: 7/2[633]⊗1/2[521]    
1968.7 23/2+ 175.5 318.6 0.32(6) 1.19(48)  (b)  π:7/2[404]⊗9/2[514]    
2172.8 25/2+ 204.1 379.8 0.34(7) 1.02(42)  
      ⊗1/2[541]    
2402.2 27/2+ 229.4 433.7 0.44(+6-7) 1.42(42)  2.Half-life of bandhead is 5.5(8) ns 
2655.8 29/2+ 253.6 482.9 0.37(+6-7) 0.92(32)  3. Exp. gK = 0.72(7) or 0.82(14)  
2930.9 31/2+ 275.1 528.2 0.43(+8-10) 1.12(47)      for  two  configurations with 
3224.6 33/2+ 293.7 569.1 0.49(16) 1.34(86)      gR=0.34(3) or gR=0.44(10), 
           respectively.  
       4. Pure K and Q0 = 7.8 eb assumed. 
       5.  Nuclear Reaction: 
    
 
 
 
    
170Er (10B, 5n)175Ta 
    
 
 
 
     E= 64 MeV 
    
 
 
 
 
2      1565.9 21/2-     1996KO17 1. π: 5/2[402]⊗7/2[404]    
1877.1 23/2- 311.2     
        ⊗9/2[514]    
2202.3 25/2- 325.2 635.9 0.74(+9-12) 19.9(58)  2. Half-life of bandhead is 
2536.8 27/2- 334.5 659.5 0.66(+11-16) 9.0(38)      1950(150) ns. 
2879.3 29/2- 342.5 677.2 0.62(+10-12) 5.9(21)  3.Exp gK =1.02(15) for gR =0.34(3) 
3231.2 (31/2-) (351.9) (694.0)    4. Pure K and Q0 = 7.8 eb assumed. 
        
3      1729.3 21/2+     1996KO17 1. π: 9/2[514]  
1895.0 23/2+ 165.7     
    ν: 7/2[633]⊗5/2[512]      
2086.0 25/2+ 191.0 357.1 0.23(3) 1.90(49)  2. Half-life of bandhead is 0.9(3)   
2298.4 27/2+ 212.4 403.7 0.20(3) 0.78(22)      ns. 
2530.7 29/2+ 232.3 444.4 0.21(+5-7) 0.67(40)  3.Exp. gK =0.56(6) for gR =0.34(3) 
2782.0 31/2+ 251.3 483.3 0.23(+5-6) 0.65(32)  4. Signature splitting at higher 
3051.5 33/2+ 269.5 520.4 0.23(+4-5) 0.57(23)       spins. 
3338.1 35/2+ 286.6 555.9 0.26(+6-8) 0.68(37)  5. Pure K and Q0 = 7.8 eb assumed. 
3640.2 37/2+ 302.1 588.8 0.27(8) 0.70(42)   
3956.5 39/2+ 316.3 618.7 0.27(+9-12) 0.65(52)       
4282.0 41/2+ 325.5 641.1     
4619.4 (43/2+) 337.4 662.9     
4966.0 (45/2+) 346.0 684.0     
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102
175
73 Ta  
 
104
177
73 Ta  
         Elevel 
        keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)
 (µΝ /eb)2 
Keywords Configuration and Comments  
4   1939.4+X (23/2)     1996KO17 1. Tentative configuration is:  
2315.4+X (27/2)  376.0    
     π: 1/2[411]⊗ ν2:i13/2 
2766.5+X (31/2)  451.1    2. Level energies are adopted from 
3293.5+X (35/2)  527.0        XUNDL. 
3890.0+X (39/2)  596.5     
4557.0+X (43/2)  667.0     
5294.7+X (47/2)  737.7     
        
Elevel 
             keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1        1253.3 3/2-     1972AD12 1. π: 9/2[514]  
    
 
 
     ν: 7/2[514]⊗1/2[521]      
      
 
2. Decay study. 
      
 
3. Level energy is adopted from  
      
 
    ENSDF. 
      
 
 
2        1355.0 21/2-     2000DA09 1.There are four competing 
1625.9 23/2- 271.0         configurations: 
1920.2 25/2- 294.3 565 0.45(+10-16) 9(5)  a. π: 9/2[514]⊗7/2[404] 
2192.7 27/2- 272.6 566.8 0.45(+ 6-7) 4.8(14)  
       ⊗5/2[402]    
2471.0 29/2- 278.4 550.7 0.37(5) 2.5(6)  b. π:9/2[514]  
2755.1 31/2- 284.2 562.2 0.26(5) 1.0(4)  
    ν: 7/2[514]⊗5/2[512]      
3046.5 33/2- 291.4 575.5 0.34(+ 6-7) 1.5(6)  c. π: 7/2[404]  
3345.8 35/2- 299.4 590.6 0.40(+6-7) 1.8(6)      ν: 7/2[514]⊗7/2[633]      
3653.7 37/2- 308.1 607.0    d. π: 5/2[402]  
3968.7 (39/2-) (315) 622.9    
    ν: 7/2[514]⊗9/2[624]      
       2. Configuration (a) is for  low spin 
           values and others for higher spins.  
       3. Backbending at I=25/2-.    
       4. Nuclear reaction:     
          
170Er (11B, 4n) 177Ta 
          E= 55 MeV 
       5. Half-life of bandhead is 5.96(21)  
    
 
 
 
    µs. 
    
 
 
 6. Exp. gK = 0.64(3)  for gR =0.29(3) 
       7. Pure K and Q0 = 7.27 eb assumed. 
        
3        1475.9 (17/2)     2000DA09 1. Tentative configuration is:  
1650.9 (19/2) 175.0         π: 9/2[514]  
    
 
 
 
    ν: 1/2[521]⊗7/2[514]  
       2. Half-life of bandhead is < 1.4 ns. 
        
4        1512.5 (1/2-,3/2-)     1972AD12 1. π: 9/2[514]  
    
   
    ν: 7/2[514]⊗1/2[521]      
      
 
2. Decay study. 
       3. Level energy is adopted from  
           ENSDF. 
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104
177
73 Ta  
 
Elevel 
             keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
   5   1522.9 17/2+     2000DA09 1.Competing configurations are: 
1605.4 19/2+ 82.5     (a)  π: 9/2[514]⊗7/2[404]⊗1/2[541]    
1737.4 21/2+ 131.9     (b) π: 9/2[514]  
1904.6 23/2+ 167.1 299.3 0.34(4) 1.6(4)  
      ν: 1/2[521]⊗7/2[633] 
2101.5 25/2+ 196.9 364.3 0.36(3) 1.3(2)   Available experimental information  
2324.2 27/2+ 222.7 419.5 0.42(4) 1.5(3)   and theoretical calculations favor  
2570.0 29/2+ 245.8 468.5 0.42(5) 1.4(3)   configuration (a). 
2839.9 31/2+ 269.9 515.7 0.34(6) 0.8(3)  2. Half-life of bandhead is 5.5(14) ns.    
3129.3 33/2+ 289.4 559.7 0.46(7) 1.4(4)  3. Exp. gK = 0.63(4) − 0.75(7) for  
3438.1 35/2+ 308.8 598.2        gR =0.29(3) 
3764.4 37/2+ 326.3 634.7    4. Small signature splitting. 
      
 
5. Pure K and  Q0 = 7.27 eb assumed. 
      
 
 
6      1602.7 19/2-     2000DA09 1. Competing configurations are: 
1766.1 21/2- 163.4     (a)  π: 7/2[404] 
1949.3 23/2- 183.1 346.6 0.02(+4) 0.01(+10)  
      ν: 5/2[642]⊗7/2[514]  
2154.1 25/2- 204.7 388.0 0.10(4) 0.2(1)  (b) π: 5/2[402]  
2381.0 27/2- 226.9 431.7 0.08(+4-3) 0.09(7)  
     ν: 7/2[633]⊗7/2[514]      
2628.5 29/2- (247.5) 474.4    2. Half-life of bandhead is < 1.4 ns. 
2896.2 31/2-  515.2    3. Exp. gK = 0.38(4)  for gR =0.29(3) 
3181.0 33/2-  552.5    4. Pure K and Q0 = 7.27 eb assumed. 
3480.7 35/2-  584.5     
3779 (37/2-)  (598)         
      
 
 
7      1698.5 23/2+     2000DA09 1. π: 9/2[514] 
1834.6 25/2+ 136.1     
   ν: 7/2[633]⊗7/2[514]  
2037.1 27/2+ 202.5 338.6 0.31(+5-6) 5.3(19)  2. Half-life of bandhead is <1.0 ns. 
2271.2 29/2+ 234.1 436.6 0.33(+4-5) 3.3(9)  3.  Exp. gK = 0.58(4) for gR =0.29(3) 
2530.0 31/2+ 258.8 492.9 0.30(3) 2.0(4)  4.  Pure K and Q0 = 7.27 eb assumed. 
2810.3 33/2+ 280.3 539.1 0.28(+4-5) 1.5(5)   
3109.6 35/2+ 299.3 579.6 0.26(3) 1.1(3)         
3426.1 37/2+ 316.6 615.8 0.33(+4-5) 1.6(5)   
3757.8 39/2+ 331.7 648.2     
4103.2 41/2+  677.1     
4459.4 43/2+  701.6     
4825 (45/2+)  (722)     
5195 (47/2+)  (736)     
        
8      1874.9 25/2-     2000DA09 1. Competing configurations are: 
2116.9 27/2- 242.1      (a)   π: 7/2[404] 
2380.7 29/2- 263.9 505.8 0.18(+5-6) 0.5(3)  
         ν: 7/2[633]⊗7/2[514]  
2666.3 31/2- 285.6 549.3 0.17(7) 0.5(4)    (b) π: 7/2[404] 
2971.5 33/2- 305.2 590.8 0.17(6) 0.4(3)  
        Ν: 7/2[514]⊗9/2[624]  
3294.7 35/2- 323.4 628.3      (c)  π: 5/2[402] 
3633.5 37/2-  662.0    
        Ν: 7/2[514]⊗9/2[624]  
3987.9 39/2-  693.2    Available exp. information favor  
4352.8 41/2-  719.3    configuration (a) tentatively. 
4727.9 43/2-  740.0    2. Pure K and Q0 = 7.27 eb assumed. 
        
  9    2098.2 25/2+     2000DA09 1. π: 9/2[514] 
2324.4 27/2+ 226.2     
    ν: 7/2[514]⊗9/2[624]  
2570.0 29/2+ 245.6 (472) 0.11(4) 0.5(3)  2. Half-life of bandhead is < 2.8 
2831.0 31/2+ (261)          ns. 
    
 
 
 3. Exp. gK = 0.40(5)  for gR =0.29(3)  
       4. Pure K and Q0 = 7.27 eb  assumed. 
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106
179
73 Ta  
 
 
 
 
 
Elevel 
            keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1     1251.5 21/2-     1997KO13 1. Mixing of following three  
1541.4 23/2- 289.9         configurations suggested: 
1847.6 25/2- 306.2 595.9 0.43(+6-8) 8.0(26)  (a) π: 9/2[514]⊗5/2[402]⊗7/2[404] 
2161.6 27/2- 314.0 619.9 0.33(4) 2.59(68)  (b) π: 5/2[402]  
2512.4 29/2- 350.8 664.6 0.39(+7-8) 2.8(11)  
      ν: 7/2[514]⊗9/2[624]      
2861.7 31/2- 349.3 701.9    (c) π: 9/2[514]  
3225.3 (33/2-) (363.6) (714.0)    
      ν: 5/2[512]⊗7/2[514]      
       2. Signature splitting with  back- 
           bending at I= 25/2-  and I= 29/2-. 
       3. Half-life of bandhead is 320(20)    
            ns. 
    
   4. Exp. gK = 0.66(2)  for gR =0.30 
       5. Nuclear reaction: 
            
176Yb (7Li, 4n)179Ta 
            E= 30-60 MeV 
       6. Pure K and  Q0 = 7.22(9) eb  
           assumed. 
        
2     1317.8 25/2+     1997KO13 1. π: 9/2[514]  
1591.6 27/2+ 273.8     
    ν: 7/2[514]⊗9/2[624]      
1885.3 29/2+ 293.7 567.4 0.23(2) 3.82(81)  2. Half-life of bandhead is 11(2)ms   
2198.8 31/2+ 313.5 606.4 0.22(4) 1.93(66)  3. Exp. gK = 0.53(5)  for  gR =0.30 
2531.3 33/2+ 332.5 645.6 0.23(4) 1.57(49)  4. Pure K and Q0 = 7.22(9) eb   
2882.6 35/2+ 351.3 683.5        assumed. 
3252.1 37/2+ 369.5 720.0     
3638.7 39/2+ 386.6 756.1     
4042.4 (41/2+) (403.7) 790.3          
        
3     1327.0 23/2
-
   
 
 
1997KO13 1. π: 7/2[404]  
1601.3 25/2- 274.3    1982BA21     ν: 7/2[514]⊗9/2[624]      
1898.4 27/2- 297.1 571.5 0.07(+6-3) 0.28(29)  2. Half-life of bandhead is 1.6(4)  
2217.9 29/2- 319.5 616.8 0.10(3) 0.34(17)       µs. 
2560.0 31/2- 342.1 661.2    3. Exp. gK = 0.39(11)  for  gR =0.30     
2920.5 (33/2-) 360.5 (702.0)    4. Pure K and  Q0 = 7.22(9) eb  
            assumed. 
        
4     1627.6 (19/2+,21/2-)     1997KO13 1. There are two possible 
1832.3 (21/2+,23/2-) 204.7          configurations: 
2058.2 (23/2+,25/2-) 225.9 429.6 0.38(+8-14) 6.1(39)  (a)  π: 9/2[514] 
2304.3 (25/2+,27/2-) 246.1 472.2 0.23(+6-7) 1.32(75)  
       ν: 1/2[521]⊗9/2[624]  
       (b) π: 5/2[402]  
    
   
      ν: 9/2[624]⊗7/2[514]  
    
   2. Half-life of bandhead is ≤ 1 ns. 
    
   3. For gR =0.30,  exp gK = 0.56(13)  
           and 0.60(14)  for K=21/2- and  
          19/2+  respectively. 
       4. Pure K and Q0 = 7.22(9) eb   
            assumed. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
108
181
73 Ta  
 
 
112
185
73 Ta  
 
 
 
 
 
 
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1        1402.4 15/2-    1998SA60 1. π: 7/2[404]  
1583.0 17/2- 181    
    ν: 1/2[510]⊗9/2[624]  
1786.8 19/2- 204 384 2.8(11)  2. Nuclear reaction: 
2013.9 21/2- 227 431 0.58(14)  
    
176Yb (11B, α2n)179Ta 
2261.8 23/2- 249 475 0.36(14)       E = 57, 52 MeV 
2532.9 25/2-  519 
 
 3. The B(M1)/B(E2) values  
    
 
      read from plot.  
    
 
 4.  Level energies are adopted  
    
 
      from XUNDL. 
    
   
2   1402.4+X (19/2+)    1998SA60 1. π: 9/2[514]  
1615.4+X (21/2+) 213    
    ν: 1/2[510]⊗9/2[624]  
1851.9+X (23/2+) 236 450 1.64(35)  2. Half-life of bandhead is 
2111.7+X (25/2+) 260 496 1.14(14)      140(36) ns. 
2392.3+X (27/2+) 281 540 0.71(14)  3. The B(M1)/B(E2) values 
          read from plot.  
    
 
 4.  Level energies are adopted  
    
 
      from XUNDL. 
    
 
  
3         1485 21/2-    1998WH02 1. π:9/2[514]⊗7/2[404] 
    
  
       ⊗5/2[402]  
      2. Nuclear reaction: 
          
181Ta (238U,238U')181Ta     
          E=1600 MeV 
      3. Half-life of bandhead is 
    
  
     25(2) µs. 
       
4         2230 29/2-    1998WH02 1. π: 9/2[514]  
    
  
    ν:11/2[615]⊗9/2[624]  
      2. Half-life of band head is 
    
  
    210(20) µs. 
       
Elevel 
                keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1   1258+X 21/2-    1999WH03 1. π: 5/2[402]⊗7/2[404] 
  
 
 
  
       ⊗9/2[514]  
   
   2. Nuclear reaction: 
   
   
      186W(238U,X)185Ta 
   
       E=1600 MeV 
   
   3. Half-life of bandhead is  
   
       > 1 ms. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
91
165
74 W  
 
 
93
167
74 W  
 
 
 
 
 
 
 
 
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1   1948.9+X 23/2- 
  
 1992SI12 1. For  α = +1/2 signature: 
2302.7+X 27/2- 
 
353.8   
      ν: 3/2[521](α= +1/2) 
2511.2+X (29/2-) 
 
 
 
 
         ⊗3/2[651](α= +1/2) 
2602.3+X 31/2- 
 
299.6   
         ⊗3/2[651](α= −1/2) 
2860.3+X (33/2-) 
 
349.1   
    For  α = −1/2 signature: 
3057.3+X 35/2- 
 
455.0   
      ν: 3/2[521](α= −1/2) 
3341.8+X (37/2-) 
 
481.5   
         ⊗3/2[651](α= +1/2) 
3633.6+X 39/2- 
 
576.3   
         ⊗3/2[651](α= −1/2) 
3924.5+X (41/2-)  582.7   2. Nuclear reaction: 
4290.1+X 43/2-  656.5         106Pd (63Cu, p3n)165W 
4601.3+X (45/2-) 
 
676.8         E=285 MeV 
5003.7+X 47/2-  713.6   3. Signature splitting  with 
5342.4+X (49/2-)  741.1        Signature inversion at 
5774.3+X 51/2-  770.6        I=39/2-. 
6136.5+X (53/2-)  794.1    
6598.4+X (55/2-)  824.1    
(7470.4+X) (59/2-)  (872)    
       
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1    1782.4+X 23/2-    1992TH06 1. For  α = +1/2 signature: 
2093.4+X (25/2-)     
      ν: 3/2[521](α= +1/2) 
2104.5+X 27/2-  322.1   
         ⊗3/2[651](α= +1/2) 
2427.9+X (29/2-) 323.4 334.5   
         ⊗3/2[651](α= −1/2) 
2479.0+X 31/2-  374.5   
    For  α = −1/2 signature: 
2821.6+X (33/2-) 342.6 393.7   
      ν: 3/2[521](α= −1/2) 
2937.0+X 35/2-  458.0   
         ⊗3/2[651](α= +1/2) 
3313.3+X (37/2-) 376.3 491.7   
         ⊗3/2[651](α= −1/2) 
3509.4+X 39/2-  572.4   2. Nuclear reaction: 
3907.7+X (41/2-)  594.4       142Nd (30Si, 5n)167W 
4197.2+X 43/2-  687.8        E=165 MeV 
4602.0+X (45/2-)  694.3   3. Strong signature splitting 
4984.3+X 47/2-  787.1      with  signature inversion  
5385.2+X (49/2-)  783.2      at I= 49/2-. 
5849+X 51/2-  864.9   4. Level energies are adopted 
6241.8+X (53/2-)  856.6     from ENSDF. 
6765+X (55/2-  915.4    
7153+X (57/2-)  911.3    
7695+X (59/2-)  930.0        
8108+X (61/2-)  955.2    
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
177
74 103W  
 
105
179
74 W  
 
Elevel 
          keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1  1645.5 19/2+     1997SH36 1. ν: 5/2[512]⊗7/2[514] 
1789.9 21/2+ 144.3     
        ⊗7/2[633]   
1977.4 23/2+ 187.5 331.8 0.116(7) 0.47(4)  2. Nuclear reaction: 
2194.9 25/2+ 217.5 404.9 0.109(7) 0.25(2)      164Dy (18O, 5n)177W 
2436.3 27/2+ 241.4 458.9 0.102(7) 0.17(2)       E=83 MeV 
2697.8 29/2+ 261.7 502.8 0.136(7) 0.25(2)  3.  Mean exp. gK = 0.18(2)  for    
2974.6 31/2+ (276.0) 538.3 0.163(7) 0.30(1)       gR =0.30(5). 
3270.7 33/2+ 296.0 573.0 0.150(14) 0.22(2)  4. Strong signature splitting at 
3568.7 35/2+  594.1 
  
     higher spins. 
3889.2 37/2+  618.5    5. Level energies are adopted 
      
 
    from ENSDF. 
      
 
6. Assumed  Q0 = 6.8 eb .  
    
  
 7. Half-life of band-head is ≤ 1 ns.     
    
  
 8. The  B
 
(Μ1)/B
 
(E2)  values are   
      
 
     deduced in the present work.  
      
 
 
2   2148.8 21/2+     1997SH36 1. Competing configurations are: 
2330.1 23/2+ 181.6     (a)   π: 9/2[514]⊗7/2[404] 
2557.9 25/2+ 227.9 409.5 0.218(14) 9.0(52)         ν: 5/2[512]    
2821.6 27/2+ 263.6 491.5 0.558(27) 13.8(28)  (b)   π: 9/2[514]⊗5/2[402] 
3109.6 29/2+ 288.0 551.7 0.650(41) 14.6(88)          ν: 7/2[514]    
3419.9 31/2+ 310.3 598.3  2.8(21)     Configuration (a) dominates at  
3745.1 33/2+ 325.2 635.5  5.2(42)     bandhead spin region and mixing 
          of both at high spins suggested. 
    
   2. Mean exp. gK = 0.71(20) for    
           gR = 0.30(5). 
       3. Level energies are adopted from 
            ENSDF. 
       4. Assumed  Q0 = 6.8 eb . 
    
   5. The B
 
(Μ1)/B
 
(E2) values are 
           deduced in the present work  
           taking gamma ray energies, 
           intensities and their error from  
       ENSDF. 
Elevel 
               keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1          720.2 (3/2)+    1975ME20 1. Tentative configuration is:  
773.7 (5/2)+ 53.5        π: 9/2[514]⊗5/2[402]  
1680.3 (7/2) +         ν: 7/2[514]  
    
  2. Decay study. 
    
    3.  Level energies are   adopted  
    
      from   ENSDF. 
    
   
2          1216.0 17/2+    1991WA26 1. ν: 7/2[514]⊗9/2[624]⊗1/2[521]        
    
  2. Nuclear reaction: 
    
      
170Er (13C, 4n)179W 
    
       E=67 MeV 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
105
179
74 W  
 
 
 
 
  
 
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
3       1631.8 21/2+     1994WA05 1. Competing configurations are: 
1873.2 23/2+ 241.4     (a) ν: 9/2[624]⊗7/2[514]⊗5/2[512]        
2137.9 25/2+ 264.6 506.1 0.16(1) 1.27(10)  (b) π: 7/2[404]⊗5/2[402]  
2424.3 27/2+ 286.4 551.2 0.19(1) 1.06(9)       ν: 9/2[624]  
2730.8 29/2+ 306.5 592.9 0.20(4) 0.85(31)  Configuration (a) favored by gK          
3054.9 31/2+ 324.1 630.7 0.19(4) 0.63(24)  value but there may be mixing  
3391.3 33/2+ (336) 660.5 0.16(6) 0.42(23)  among these two configurations. 
3746.4 35/2+  691.5    2.  Nuclear reaction: 
           
170Er (13C, 4n)179W 
      
 
      E=67 MeV 
      
 
3.  Half-life of bandhead is 390(30)   
      
 
      ns. 
    
 
 
 4. Exp. gK = 0.13(5)  for   gR = 
      
 
      0.30(5). 
      
 
5.  Assumed  Q0 = 6.5 eb . 
    
 
 
 6. The B
 
(Μ1)/B
 
(E2)  and gK-gR   
      
 
    values are deduced in the present 
      
 
    work  assuming  0.1 keV error  
      
 
    in gamma ray energies. 
      
 
 
4       1832.1 23/2-     1994WA05 1. ν: 9/2[624]⊗7/2[514]⊗7/2[633]       
  2037.7 25/2- 205.6     2. Signature splitting with signature 
2261.2 27/2- 223.4 429.1 0.06(1) 0.22(5)       inversion at I=39/2-. 
2504.4 29/2- 243.3 466.9 0.04(4) 0.06(11)  3. Half-life of bandhead is <0.5 ns. 
2738.9 31/2- (234) 477.4  
 
 4. Exp gK = 0.24(5) for gR =0.30(5). 
3031.6 33/2-  527.1 
  
 5. It is explained as a tilted rotat- 
3326.5 35/2-  587.6 
  
     ional band. 
3637.5 37/2-  605.9  
 
 6. The  B
 
(Μ1)/B
 
(E2) and gK-gR    
3963.9 39/2-  637.4 
  
     values are deduced in the present 
4304.7 41/2-  667.2        work  assuming  0.1 keV error  
4666.8 43/2-  702.9        in gamma ray energies. 
5036.4 45/2-  731.7     
5436.9 47/2-  770.1     
5833.3 49/2-  796.9 
  
  
6269 (51/2-)  (832) 
  
  
6708 (53/2-)  (875) 
  
  
        
5       2011.9 (23/2)+     1994WA05 1.  π: 9/2[514]⊗7/2[404]  
2291.5 (25/2)+ 279.6          ν: 7/2[514]  
2586.1 (27/2)+ 294.5 574.3 0.41(7) 11.7(41)  2. Half-life of bandhead is < 1.0   
2893.5 (29/2)+ 307.4 602.1 0.37(6) 5.2(17)       ns. 
3210.3 (31/2)+ 316.7 624.3 0.38(3) 3.98(57)  3. Exp. gK = 0.7(1)  for gR =0.30(5). 
3534.7 (33/2)+ 324.4 (641)    4.  Assumed  Q0 = 6.5 eb . 
    
 
  5. The  B
 
(Μ1)/B
 
(E2) and gK-gR    
           values are deduced in the present 
           work  assuming  0.1 keV error  
           in gamma ray energies. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
105
179
74 W  
109
183
74 W  
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
6       2088.4 (23/2)    1994WA05 1. Tentative configuration is: 
2299.6 (25/2) 211.2    
    π: 9/2[514]⊗5/2[402]  
2546.7 (27/2) 247.1        ν: 9/2[624]  
2822.0 (29/2) 275.3 (523) 
 
 2. Half-life of bandhead is < 0.5 
3121.0 (31/2) 299.0 (574) 
 
      ns. 
3439 (33/2) 318.0 (617) 
 
 3. Exp. gK < 0.08 or  > 0.52  for    
(3779) (35/2) (340) (658) 
 
      gR =  0.30(5). 
    
 
  
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1      1745.7 19/2-     1999SA60 1. ν: 9/2[624]⊗11/2[615]  
1988.9 21/2- 243.0     
        ⊗1/2[510]  
2252.4 23/2- 263.5 507.2 0.34(1) 3.83(33)     Admixture of K=19/2- and  
2535.2 25/2- 282.8 546.5 0.33(1) 2.00(12)    K=  21/2- suggested. 
2836.8 27/2- 301.6 584.3 0.35(1) 1.83(16)  2. Nuclear reaction: 
3155.9 29/2- 318.9 620.8 0.38(1) 1.62(8)  
    
176Yb (14C, α3n)183W 
           E=68 MeV 
       3. Half-life of bandhead is 
           12.7(20)  ns. 
       4. The B(M1)/B(E2) and  
    
 
  
    gK-gRvalues read  from  
             plots. 
       5. Assumed Q0 = 7.0 eb . 
        
2       1900.3 (19/2+)     1999SA60 1. ν: 7/2[514]⊗11/2[615]  
2154.2 (21/2+) 253.8     
       ⊗1/2[510]  
2429.8 (23/2+) 275.6     2. Half-life of bandhead is  
2723.4 (25/2+) 293.5 569.3  0.88(23)      < 3.0  ns. 
       3.  For gR = 0.25, exp. gK for  
    
 
  
     I= 25/2+ is 0.04(3). 
        
3       2049.9 23/2-     1999SA60 1  ν: 9/2[624]⊗11/2[615]  
2339.7 25/2- 289.7     
        ⊗3/2[512]  
2648.5 27/2- 308.8 598.9 0.24(1) 3.87(29)  2. Half-life of bandhead 
2976.7 29/2- 328.1 637.7 0.36(1) 4.24(49)       is < 1.5  ns. 
       3. The B(M1)/B(E2) and  
    
 
  
    gK-gR values read from  
           plots. 
       4. Assumed. Q0 = 7.0 eb  and  
            gR = 0.25 
        
4        2101.1 23/2(+)     1999SA60 1.Tentative configuration is: 
    
 
  
   π: 5/2[402]⊗7/2[404]  
           ν: 11/2[615]  
        
5        2268.9 25/2(-)     1999SA60 1. π: 5/2[402]⊗9/2[514]  
2590.4 27/2(-) 321.5         ν: 11/2[615]  
2931.7 29/2(-) 341.3 662.8  36.4(44)  2. Half-life of bandhead   
3291.6 31/2(-) 359.9         is <  3.0  ns. 
       3. For gR = 0.25, exp. gK value at  
            I =29/2- is 0.95(4). 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
94
169
75 Re  
 
 
 
 
 
 
 
100
175
75 Re  
 
Elevel 
           keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1.    1343.2 (15/2)    2004ZH05 1.Tentative configuration 
1431.5  88.0   
 
    assignment based on 
1623.8 (19/2) 192.3 280.3  
 
    alignment is: 
1799.8 (21/2) 176.0 368.3  
 
   π: 9/2[514] 
    1922.6 (23/2) 122.8   
    ν: 3/2[651](α= +1/2) 
2078.2 (25/2) 155.6   
      ⊗3/2[521](α= +1/2) 
2274.0 (27/2) 195.8 351.3 2.05(40)  2. Nuclear Reaction:  
2512.9 (29/2) 239.0 434.6 2.91(60)  
   
144Sm (28Si, 1p2nγ) 169Re 
2786.4 (31/2) 273.5 512.3 3.44(70)     E=140, 145, 150 MeV 
3081.4 (33/2) 295.0 568.6 4.34(85)  3. Energy variation with spin  
3408.8 (35/2) 327.5 622.3        is not smooth. 
3723.1 (37/2) 314.3 641.8   4. Signature splitting at higher 
4050.4 (39/2) 327.5 641.6        spins.  
4337.4  287.0    5. Level energies are adopted  
          from  XUNDL 
       
Elevel 
         keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1    1793.9  (19/2)     1992KI06 1. Competing  configurations are:  
1943.5 (21/2) 149.5    
   (a)  π: 9/2[514] 
2120.5 (23/2) 177.0 326.9 0.27(6) 2.6(9)  
         ν: 5/2[512]⊗7/2[633] 
2322.9 (25/2) 202.4 379.4 0.17(3) 0.54(19)  
  (b)  π: 5/2[402] 
2549.2 (27/2) 226.2 428.8 0.13(3) 0.26(10)  
          ν: 5/2[512]⊗7/2[633] 
2797.4 (29/2) 248.2 474.5 0.16(5) 0.31(17)  2. Half-life of bandhead is 28 ns. 
3066.2 (31/2) 268.7 516.9 0.23(3) 0.57(15)  3. Nuclear Reaction: 
3353.5 (33/2) 287.3 556.2 0.20(4) 0.39(17)      161Dy (19F, 5n) 175Re 
3658.2 (35/2) 304.7 592.0 0.28(5) 0.74(27)       E = 88-112 MeV 
3978.3 (37/2) 320.2 624.8 0.39(11) 1.3(6)  4.  Assumed Q0 = 7 eb . 
4310.2 (39/2) 332.0 651.9 0.42(7) 1.4(5)   
4672.2 (41/2)  693.9     
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
102
177
75 Re  
 
 
 
 
 
 
 
 
Elevel 
                KeV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)
 (µΝ /eb)2 
Keywords Configuration and Comments  
1     1442.3+X 15/2+          1995BA67 1. Competing configurations are: 
    
  
 
 (a)  π: 9/2[514]⊗5/2[402]  
    
   
           ⊗1/2[541] 
        (b)  9/2[514]π+3- Octupole 
    
   2.  Exp. gK ∼ 0.8 for gR = 0.35 
    
   3. Half-life of bandhead is ≤ 0.4 ns. 
       4. Nuclear Reactions: 
       (a)  130Te (51V, 4n)177Re 
              E=225 MeV 
       (b)163Dy (19F, 5n) 177Re 
              E=105 MeV 
        
2      1567.1+X 17/2+          1995BA67 1. Competing configurations are: 
1676.1+X 19/2+ 109.0     (a) π: 9/2[514]⊗7/2[404]⊗ 1/2[541] 
1817.7+X 21/2+ 141.5     (b)  π: 9/2[514] 
1988.6+X 23/2+ 170.8 313.2    
      ν: 1/2[521]⊗7/2[633] 
2184.6+X 25/2+ 196.1 366.8 0.43(4) 2.17(47)  2. Small signature splitting. 
2406.1+X 27/2+ 221.5 417.6 0.47(6) 2.20(54)  3. Average exp. gK = 0.8  for  
2648.3+X 29/2+ 242.1 463.6 0.51(5) 2.30(51)        gR =0.35 
2913.4+X 31/2+ 265.1 507.3 0.4(4) 1.59(31)  4.  Assumed  Q0 = 6.7 eb . 
3198.2+X 33/2+ 284.8 549.7 0.70(13) 3.7(14)  5. The  B
 
(Μ1)/B
 
(E2) and gK-gR    
           values are deduced in the present 
           work  assuming  0.1 keV error  
           in gamma ray energies. 
        
3      1586.8+X (17/2-)     1995BA67 1.   π: 9/2[514] 
1829.4+X (19/2-) 242.5     
      ν: 1/2[521]⊗5/2[512] 
2074.5+X (21/2-) 245.1     2. Exp. gK = 0.87   
2331.2+X (23/2-) 256.4      
2603.7+X (25/2-) 272.2 529.2     
        
4      1825.2+X 21/2+     1995BA67 1.  π: 9/2[514] 
1975.9+X 23/2+ 150.7     
     ν: 5/2[512]⊗7/2[633] 
2156.0+X 25/2+ 180.2     2. Signature splitting at high spins. 
2367.1+X 27/2+ 211.3 391.0 0.18(1) 1.07(17)  3. Half-life of bandhead is ≤ 0.5 ns.     
2604.6+X 29/2+ 237.7 448.4 0.17(2) 0.78(16)  4. Average exp. gK = 0.48 . 
2865.0+X 31/2+ 260.2 498.0 0.12(1) 0.29(5)  5.  Assumed  Q0 = 6.7 eb . 
3144.9+X 33/2+ 279.8 540.4 0.13(2) 0.31(6)  6. The  B
 
(Μ1)/B
 
(E2) and gK-gR    
3439.9+X (35/2+)  574.9        values are deduced in the present 
3747.3+X (37/2+)  602.8        work  assuming  0.1 keV error  
4066.6+X (39/2+)  626.7        in gamma ray energies. 
4391.5+X (41/2+)  644.3     
4736.6+X (43/2+)  670.0     
5073.3+X (45/2+)  681.8     
        
 87 
 
TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
102
177
75 Re  
 
Elevel 
            keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
5     1959.9+X 23/2+     1995BA67 1. π: 9/2[514] 
2092.3+X 25/2+ 132.4     
    ν: 7/2[514]⊗7/2[633] 
2273.7+X 27/2+ 181.3     2. Assumed  Q0 = 6.7 eb . 
2489.7+X 29/2+ 216.1 397.1 0.44(4) 7.0(14)  3. The  B
 
(Μ1)/B
 
(E2) and    
2734.0+X 31/2+ 244.4 460.3 0.34(1) 3.10(29)  
    gK-gR values are deduced 
3002.7+X 33/2+ 268.7 513.0 0.24(1) 1.20(9)      in the  present work assuming 
3291.8+X 35/2+ 289.0 557.8 0.26(1) 1.28(11)      0.1 keV error  in gamma ray 
3599.4+X 37/2+ 307.6 596.8 0.27(1) 1.27(11)       energies. 
3922.5+X 39/2+ 323.2 630.7 0.21(1) 0.72(9)  4. Half-life of bandhead is ≤ 0.5 
4258.9+X 41/2+ 336.6 659.3 0.25(1) 0.92(12)       ns. 
4607.3+X 43/2+ 348.2 684.6 0.18(2) 0.48(11)  5. Average exp. gK = 0.59. 
4964.0+X 45/2+ 357.1 705.4 0.26(2) 0.91(18)   
5332.5+X 47/2+ 368.9 724.6 0.35(4) 1.57(36)   
5709.8+X (49/2+)  745.7                                  
        
 
104
179
75 Re  
 
Elevel 
                  keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1        1297.6 15/2-     2002TH12 1. Tentative configuration is: 
1544.1 (17/2-) 246.1     
    π: 9/2[514] 
  
     
    ν: 7/2[514]⊗1/2[521] 
       2. Level energies are adopted 
            from XUNDL. 
       3. Nuclear Reactions: 
        (a)  165Ho (18O, 4n)179Re 
      
 
      E=82 MeV 
        (b) 173Yb (11B, 5n) 179Re 
             E=73 MeV 
      
 
 
2           1771.8 (19/2-)     2002TH12 1.  π: 5/2[402] 
       
      ν:7/2[514]⊗7/2[633] 
       2. Level energies are adopted 
            from XUNDL. 
      
 
 
 3       1771.8+X (23/2+)     2002TH12 
 1.  π: 9/2[514] 
          1902.4+X (25/2+) 130.2     
       ν: 7/2[514]⊗7/2[633] 
          2097.1+X (27/2+) 194.7     2. Half-life of bandhead is  
          2326.0+X (29/2+) 228.9          408(12) ns. 
          2581.1+X (31/2+) 255.1     3.  Level energies are adopted 
            from XUNDL. 
      
 
 
4             1813.7 (17/2+)     2002TH12 1. π: 5/2[402] 
1988.3 (19/2+) 174.5     
    ν:7/2[514]⊗5/2[512] 
2182.6 (21/2+) 194.3 368.9  0.06(2)  2. Small signature splitting. 
2396.5 (23/2+) 214.0 408.1 0.177(3) 0.48(12)  3. Level energies are adopted  
2627.5 (25/2+) 231.0 444.8 0.184(14) 0.40(5)      from XUNDL. 
2876.9 (27/2+) 249.5 480.6 0.23(5) 0.50(19)  4.  Assumed Q0 = 6.8 eb . 
3130.8 (29/2+) 254.1 503.0 0.170(14) 0.25(3)  5. The B
 
(Μ1)/B
 
(E2) values are 
 
 
  
  
 
     deduced in the present work. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
104
179
75 Re  
 
Elevel 
                  keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
5             1826.4 (19/2+)     2002TH12 1. π: 9/2[514] 
1978.0 (21/2+) 151.6     
    ν:9/2[624]⊗1/2[521] 
2186.6 (23/2+) 208.6     2. Bandhead is isomeric but  
2416.4 (25/2+) 229.9          half-life is not known. 
2693.4 (27/2+) 277.0 506.9    3. Level energies are adopted 
3252.4 (31/2+)  559.0         from XUNDL. 
        
 
106
181
75 Re  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Elevel 
               keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
 (µΝ /eb)2 
Keywords Configuration and Comments  
1           1656.4 21/2-     2000PE18 1. π: 5/2[402] 
1883.3 23/2- 226.7  1.05(7)   
    ν: 9/2[624]⊗7/2[514] 
2136.6 25/2- 253.3 479.9 0.16(7) 1.20(40)  2. Half-life of bandhead is 250(10) 
2411.9 27/2- 275.4 528.6 0.21(7) 1.11(33)       ns.  
2713.0 29/2- 301.3 576.6 0.14(7) 0.37(14)  3. Exp. gK = 0.47(4) for gR = 0.3 
3031.2 31/2- 318.4 619.4 0.182(7) 0.52(16)  4. It crosses 9/2[514](gsb)  at I= 
3371.1 33/2- 340.6 657.7 0.203(14) 0.56(17)       23/2- and at I =35/2-.  
3711.2 35/2- 340.6 679.9 0.182(7) 0.43(13)  5. The I= 23/2- band has a chance 
            degeneracy with the I=23/2- 
            level of 9/2[514] band. 
       6. Signature splitting.     
       7. Nuclear reaction: 
           
176Yb (11B, 6n) 181Re 
             E=77 MeV 
       8.  Assumed Q0 = 7 eb . 
       9. The  B
 
(Μ1)/B
 
(E2)  values are  
           deduced in the present work  
           assuming  0.1 keV error in   
            gamma ray energies. 
        
2           1693.4 17/2+     2000PE18 1. Tentative configuration is: 
1809.0 19/2+ 115.6        π: 1/2[541] 
      
 
   ν: 9/2[624]⊗7/2[514] 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
 
106
181
75 Re  
 
 
 
 
Elevel 
               keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
 (µΝ /eb)2 
Keywords Configuration and Comments  
3           1857.7 21/2+     2000PE18 1. π: 5/2[402] 
1986.8 23/2+ 129.2    1997PE15 
    ν: 9/2[624]⊗7/2[633] 
2156.5 25/2+ 169.8 297.8 0.182(35)   2. Exp. gK =0.41(9)  for gR = 0.3 
2354.3 27/2+ 197.5 367.4  0.30(8)  3. It is a tilted rotational band  
2574.2 29/2+ (220.3) 417.7  0.29(8)      from TAC with : 
2815.5 31/2+ (241.6) 461.3 0.042(70) 0.29(8)  
      ε2=0.225, ε4 =0.046 
3074.2 33/2+ (258.9) 499.9 0.07(49) 0.30(12)  
      ∆p =0.87 MeV and 
3348.0 35/2+  532.6 0.21(35)   
      ∆n = 0.67 MeV 
3642.6 37/2+  568.4    4. It cross 5/2[402] at I = 25/2+. 
3963.0 39/2+  615.0    5. Strong signature splitting at  
4288.5 41/2+  645.9         higher spins. 
4653.9 43/2+  690.9    6. The B(M1)/B(E2) values read 
5010.0 45/2+  721.5        from plot  given in  1997PE15. 
5421.6 47/2+  767.6    7.  Assumed Q0 = 7 eb 
5803.4 49/2+  793.7     
6256.1 51/2+  834.4     
6655.9 53/2+  852.4     
        
4           1881.0 25/2+     2000PE18 1. π: 9/2[514] 
2135.9 27/2+ 255.4     
    ν: 9/2[624]⊗7/2[514] 
2412.9 29/2+ 277.0 532.2 0.203(7) 2.96(89)  2. Exp. gK =0.49(5) for gR = 0.3 
2710.7 31/2+ 297.9 574.8 0.175(7) 1.25(40)  3.Half-life of bandhead is 12(2) µs. 
3028.1 33/2+ 317.6 615.1 0.154(7) 0.73(24)  4. Strong signature splitting at  
3370.7 35/2+ 342.5 659.8 0.224(7) 1.23(36)       higher spins. 
3724.3 37/2+ 353.6 696.2 0.133(14) 0.36(13)  5.  Assumed Q0 = 7 eb 
       6. The  B
 
(Μ1)/B
 
(E2)  values are  
           deduced in the present work  
           assuming  0.1 keV error in   
           gamma ray energies. 
        
5           2225.1 25/2-     2000PE18 1. π: 9/2[514] 
2427.1 27/2- 202.0    1997PE15 
    ν: 9/2[624]⊗7/2[633] 
2632.9 29/2- 205.8 407.7 0.231(56) 4.5(18)  2. Exp. gK =0.54(5) for gR = 0.3 
2854.8 31/2- 221.8 427.7 0.266(28) 3.34(51)  3. It cross 9/2[514] at I =27/2-. 
3093.2 33/2- 238.4 460.3 0.231(35) 1.82(51)  4. It is explained as a  tilted  
3348.9 35/2- 255.7 494.1 0.217(35) 1.47(34)      rotational band from TAC 
3623.8 37/2- 274.8 530.6 0.224(42) 1.43(43)      calculations. 
3914.9 39/2- 291.0 565.8 0.287(42) 1.87(51)  5. Strong Signature splitting at 
4228.9 41/2- 314.1 605.1 0.238(42) 1.34(34)        higher spins.  
4552.7 43/2- 323.9 637.8 0.252(42) 1.34(30)  6. The B(M1)/B(E2) values read 
4910.2 45/2- 357.5 681.2 0.301(63) 1.71(55)      from a plot shown in 1997PE15. 
5260.2 47/2- 350.2 707.4    7.  Assumed Q0 = 7 eb.     
5667.1 49/2- 406 756.0     
6032.5 51/2- 366 772.5     
6458.1 53/2-  791     
6861.7 55/2-  829.6     
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108
183
75 Re  
 
Elevel 
                keV 
Ipi        Eγ (Μ1)
 keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)
 (µΝ /eb)2 
Keywords Configuration and Comments  
1          1628.3 15/2-     2000PU01 1. π: 5/2[402] 
1819.4 17/2- 191.1    
 
    ν: 9/2[624]⊗1/2[510] 
2019.8 19/2- 200.4 391.5 0.324(78) 2.15(79)  2. Nuclear Reaction: 
2238.2 21/2- 218.4 418.8 0.298(65) 1.08(30)      176Yb (11B, 4n) 183Re 
2476.4 23/2- 238.3 456.5 0.408(78) 1.50(38)      E= 49-61 MeV 
2734.0 25/2- 257.6 495.8 0.408(97) 1.29(40)  3. Level energies are adopted 
3012.1 27/2- 277.9 536.3 0.47(10) 1.51(45)       from XUNDL. 
    
  
 
4.  Assumed Q0 = 6.47 eb 
    
  
 
5. The B
 
(Μ1)/B
 
(E2) values are  
    
  
 
    deduced in the present work. 
    
  
 
 
2          1763.4 17/2-     2000PU01 1. π: 5/2[402] 
1936.6 19/2- 173.1    
 
    ν: 9/2[624]⊗3/2[512] 
2137.8 21/2- 201.2 374.3 0.219(32) 1.41(21)  2. It crosses 9/2[514] in spin 
2365.1 23/2- 227.4 428.6 0.226(32) 0.86(13)       range I =25/2- to I=27/2-. 
2616.4 25/2- 251.3 478.5 0.180(19) 0.41(5)  3. Level energies are adopted 
2888.7 27/2- 272.4 523.6 0.232(32) 0.59(10)       from XUNDL. 
3183.2 29/2- 294.6 566.7 0.206(39) 0.40(9)  4.  Assumed Q0 = 6.45 eb 
3499.2 31/2- 316.1 610.5  0.06(7)  5. The  B
 
(Μ1)/B
 
(E2)  values are  
3833.4 33/2-  650.2        deduced in the present work . 
  
       
3          1906.7 25/2+     2000PU01 1. π: 5/2[402] 
2211.8 27/2+ 305.1    1998HA51     ν: 9/2[624]⊗11/2[615] 
2537.9 29/2+ 326.1 631.1 <0.019 0.12(8)  2. Half-life of bandhead is 1 ms 
2883.8 31/2+ 345.9 672.0 <0.045   3. It is explained as a tilted  
3247.7 33/2+ 364.0 710.0 <0.051 0.0(4)      rotational band. 
3628.1 35/2+ 380.6 744.5 0.058(45) 0.12(4)  4. Level energies are adopted   
4022.3 37/2+ 394.4 774.6 0.064(45) 0.08(3)      from XUNDL. 
4428.5 39/2+ 406.0 800.4 0.077(45) 0.12(3)  5. The B(M1)/B(E2) values read 
4842.9 41/2+ 414.4 820.6 0.083(58) 0.12(3)     from plot shown in 1998HA51. 
5266.0 43/2+ 423.1 837.5 0.128(6) 0.21(3)  6.  Assumed Q0 = 6.39 eb.     
5691.1 45/2+  848.2  0.47(4)   
6131.0 47/2+  865.0     
6569.2 49/2+  878.1     
  
       
4          1927.5 15/2+     2000PU01 1. π: 5/2[402]⊗9/2[514] 
    
   
         ⊗1/2[541] 
    
   2. Level energies are adopted   
    
       from XUNDL. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
108
183
75 Re  
 
Elevel 
                keV 
Ipi        Eγ (Μ1)
 keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
5        1937+X (21/2)     2000PU01 1. π: 5/2[402] 
2186.7+X (23/2) 249.7     
    ν: 9/2[624]⊗7/2[503] 
2464.4+X (25/2) 277.7 527.4 0.07(2) 0.15(5)  2. Half-life of bandhead is 10(4)   
2765.9+X (27/2) 301.6 579.1 0.03(4) 0.04(7)      ns. 
3086.6+X (29/2) 320.7 622.2 0.08(1) 0.15(6)  3. Level energies are adopted   
3419.7+X (31/2) 333.4 653.7 0.03(11) 0.02(10)      from XUNDL. 
3756.2+X (33/2)  669.6    4. Assumed Q0 = 6.02 eb 
    
   5. The B
 
(Μ1)/B
 
(E2)  and  
    
   
   gK-gR values are deduced 
           in the present work. 
       
 
6         2030.0  (11/2+)     1983BR24 1. Tentative configuration is:  
           π: 9/2[514] 
    
  
 
    ν: 9/2[624]⊗7/2[514]  
       2. Decay study. 
        
7         2036.9 (19/2+)     2000PU01 1. π: 9/2[514] 
2232.0 (21/2+) 195.1     
   ν: 9/2[624]⊗1/2[510]  
2454.7 (23/2+) 222.5 417.9 0.281(45) 3.15(60)  2. Level energies are adopted  
2702.1 (25/2+) 247.4 470.3 0.383(58) 3.43(67)       from XUNDL. 
2971.8 (27/2+) 269.7 517.0 0.320(38) 1.81(28)  3.  Assumed Q0 = 6.39 eb. 
3261.9 (29/2+) 290.1 560.0 0.236(58) 0.83(24)  4.  The  B (Μ1)/B (E2) values 
3571.0 (31/2+) 309.3 599.0 0.358(38) 1.63(21)        are deduced in the present 
3898.2 (33/2+) 327.1 636.3 0.262(64) 0.80(23)        work. 
4238.8 (35/2+) 340.7 667.8 0.198(89) 0.41(23)   
4595.8 (37/2+)  697.6     
4966.1 (39/2+)  727.3     
        
8         2737.3 29/2-     2000PU01 . π: 9/2[514] 
3048.1 31/2- 310.9    1998HA51    ν:9/2[624]⊗11/2[615] 
3374.4 33/2- 326.4 637.1  0.50(4)  2. Half-life of bandhead is 6.0(5) 
3712.6 35/2- 338.3 664.5  0.12(2)       ns. 
4058.2 37/2- 345.6 683.7 0.042(30) 0.08(2)  3. Strong Signature splitting 
4401.1 39/2- 342.8 688.5 0.066(30) 0.21(2)       at higher  spins. 
4749.1 41/2- 348.0 690.9 0.078(30) 0.34(2)  4. Alignment and B (M1)/B (E2) 
5075.8 43/2- 326.9 674.7 0.127(60) 0.49(4)       plots suggest that, at low 
5453.7 45/2- 377.9 704.6 0.175(24) 0.71(8)       spin it is high-K band, at 
5769.2 47/2- 315.4 693.4 0.103(66) 1.25(10)       intermediate spin  it is tilted 
6177.6 49/2- 408.4 723.9 0.36(18)        band  and  at higher spins 
              it is aligned band.       
       5. Level energies are adopted  
             from XUNDL. 
       6. The B(M1)/B(E2) read from 
            plot shown in 1998HA51.    
       7.  Assumed Q0 = 6.03 eb 
        
9          3207.5 (31/2)     2000PU01 1. π: 11/2[505] 
3589.2 (33/2)     381.6     
     ν: 9/2[624]⊗11/2[615] 
3986.3 (35/2)     397.2 778.8    2. Level energies are adopted 
            from XUNDL. 
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TABLE 2.1 Three-quasiparticle Rotational Bands (Contd.) 
112
187
75 Re  
91
167
76Os  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Elevel 
          keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1    1474.2 19/2-    2003SH13 1. π: 5/2[402] 
   
  
 
    ν:3/2[512]⊗11/2[615] 
    
 
 
2. Nuclear Reaction: 
    
 
 
      187Re(82Se,82Se') 187Re  
    
 
 
    E=500 MeV 
    
 
 
 
2    1681.6 (19/2+, 21/2+)    2003SH13 1.  π: 9/2[514] 
    
 
 
     ν:1/2[510]⊗11/2[615] 
    
 
 
2.Half-life of bandhead is 114(23) ns. 
    
 
 
 3. K= 19/2+ is proposed as bandhead. 
    
 
 
     
Elevel 
                 keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1          1712.5 (21/2-)    2001JO11 1. For  α = +1/2 signature: 
1894.4 (23/2-)     
       ν: 3/2[521](α= +1/2) 
2192.3 (25/2-)  479.8   
          ⊗3/2[651](α= +1/2) 
2382.0 (27/2-)  487.6   
          ⊗3/2[651](α= −1/2) 
    
  
    For  α = −1/2 signature: 
    
  
        ν: 3/2[521](α= −1/2) 
    
  
           ⊗3/2[651](α= +1/2) 
    
  
           ⊗3/2[651](α= −1/2) 
      2. Nuclear reaction: 
          
112Sn (58Ni, n2p)167Os 
          E=266 MeV 
      3. Level energies are adopted  
          from XUNDL. 
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95
171
76 Os  
105
181
76 Os  
Elevel 
                 keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)
 (µΝ /eb)2 
Keywords Configuration and Comments  
1       2337.2 (25/2-)    1999BA13 1. For  α = +1/2 signature: 
2413.6 (27/2-)     
     ν: 3/2[521](α= +1/2) 
2520.9 (29/2-)  183.4   
        ⊗3/2[651](α= +1/2) 
2676.0 (31/2-)  262.4   
        ⊗3/2[651](α= −1/2) 
2893.8 (33/2-)  372.9   
    For  α = −1/2 signature: 
3115.3 (35/2-)  439.3   
     ν: 3/2[521](α= −1/2) 
3415.8 (37/2-)  522.0   
       ⊗3/2[651](α= +1/2) 
3725.9 (39/2-)  610.6   
       ⊗3/2[651](α= −1/2) 
4054.7 (41/2-)  639.0   2. Nuclear reaction: 
4459.1 (43/2-)  733.2       116Sn (58Ni, n2p)171Os 
4766.7 (45/2-)  712.0       E=267 MeV 
5219.1 (47/2-)  760.0   3. CD crossing near ηωc= 
5503.2 (49/2-)  736.5       0.37 MeV is suggested. 
6260.2 (53/2-)  757.0   
    C=1/2[660](α= +1/2) 
 
 
  
  
    D=1/2[660](α= −1/2) 
      4. Signature splitting with 
           signature inversion at I= 39/2-. 
      5. Level energies are adopted  
          from XUNDL. 
         Elevel 
        keV 
Ipi        Eγ (Μ1)
 keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1   1745.1 21/2+     2003CU03 1. Tentative configuration is: 
 
   
  1995KU14 
     ν: 7/2[514]⊗9/2[624] ⊗5/2[512]   
       2. Nuclear reaction: 
               
150Nd (36S, 5n)181Os 
               E=160 MeV 
       3. Half-life of bandhead is 7(2) ns.  
        
2.     1876.7 23/2-     2003CU03 1. ν: 7/2[514]⊗9/2[624] ⊗7/2[633]   
2080.7 25/2- 204.0    1995KU14 2.  At low frequency (< 0.35 MeV) 
2295.3 27/2- 214.6 418.0 0.220(15) 1.28(18)       it is explained as a tilted rotat- 
2524.4 29/2- 229.1 442.4 0.258(23) 0.78(21)       ional band. 
2770.4 31/2- 246 475.2 0.175(23) 0.54(13)  3.  Strong signature splitting at  
3042.4 33/2- 272 518.0 0.160(23) 0.46(18)       higher spins. 
3337.9 35/2- 296 567.5    4. The B(M1)/B(E2) and gK-gR 
3657.1 37/2- 322 614.7         values  read from  plots shown  
3977.2 39/2-  639.3        in  1995KU14 and 2003CU03  
4338.0 41/2-  680.9        respectively. 
4688.1 43/2-  710.9    5. Assumed Q0 = 7.6  eb .    
5063.1 45/2-  725.1     
5430.0 47/2-  741.9     
5810.8 49/2-  747.7     
6194.0 51/2-  764.0     
6576.8 53/2-  766     
6998.6 55/2-  804.6     
7365.0 57/2-  788.2     
7845.6 59/2-  847     
8166.0 (61/2-)  (801)     
8719.6 63/2-  874     
9615.6 67/2-  896     
10547.6 71/2-  932     
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105
181
76 Os  
 
183
76 107Os  
 
 
 
            Elevel 
             keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1        1560.1 15/2-     2001SH41 1. π: 5/2[402]⊗1/2[541]  
1583.1 17/2- (23.2)         ν: 9/2[624]  
1665.0 19/2-      2. Nuclear reaction: 
1779.1 21/2- 114.2 195.5 0.041(6) 0.01(1)      170Er (18O, 5n) 183Os 
1925.5 23/2- 146.3 260.6 0.058(6) 0.05(1)      E=85 MeV 
2101.3 25/2- 175.6 322.3 0.023(6) 0.01(1)  3. Half-life of bandhead is < 3 
2305.1 27/2- 203.7 379.6 0.052(6) 0.02(1)        ns.  
2536.4 29/2- 231.1 435.1 0.070(6) 0.04(1)  4. Signature splitting with 
2792.6 31/2- 256.3 487.6 0.070(6) 0.04(1)       signature inversion at I=43/2-. 
3075.0 33/2- 282.3 538.6 0.104(12) 0.08(1)  5. Average exp. gK value is  
3377.4 35/2- 302.5 584.8 0.128(12) 0.12(1)       0.36(5)  for gR =0.30(5) 
3707.5 37/2- 330.2 632.5 0.104(12) 0.07(1)  6. Assumed Q0 = 5.8  eb .   
4031.3 39/2-  653.7    7. The B
 
(Μ1)/B
 
(E2)  values are   
4422.7 41/2-  715.1         deduced in the present work. 
4814.0 43/2-  782.7     
5192.8 45/2-  770.1     
5617.9 (47/2-)  803.9     
5977.8 (49/2-)  785     
6460.9 (51/2-)  843.0     
       
 
         Elevel 
        keV 
Ipi        Eγ (Μ1)
 keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
3      1928.2 21/2-     2003CU03 1. ν: 1/2[521]⊗9/2[624]⊗7/2[633]   
2019.2 23/2- 91.0   0.22(9) 1995KU14 2.  Strong signature splitting at  
2142.8 25/2- 123.6 213.0  0.11(3)       higher spins. 
2303.0 27/2- 160.2 284.0 0.046 0.09(4)  3. The B(M1)/B(E2) and gK-gR 
2493.0 29/2- 190.0 349.8 0.068 0.10(4)       values  read from  plots shown  
2715.2 31/2- 222.2 412.4 0.137        in 1995KU14 and 2003CU03  
2961.6 33/2- 246.4 467.9 0.129(15)        respectively. 
3236.6 35/2- 275 521.4 0.274(23)   4.  Assumed Q0 = 7.6  eb .      
3527.4 37/2- 290.8 565.7 0.175(23)    
3843.7 39/2- 316.3 607.3 0.289(23)    
4166.1 41/2- 322.4 640.7     
4512.3 43/2- 346.2 669.4     
4844.4 45/2-  678.3     
5212.1 47/2-  699.8     
5542.4 49/2-  698.0     
5931.5 51/2-  719.4     
6264.7 53/2-  722.3     
6679.1 55/2-  747.6     
7000.2 57/2-  (735.5)     
7456.5 59/2-  777.4     
7751.1 61/2-  (750.9)     
8262.3 (63/2-)  (805.8)     
9091.5 (67/2-)  (829.2)     
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183
76 107Os  
185
76 109Os  
 
 
 
 
 
 
 
 
 
Elevel 
                 keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
2        2209.4 23/2+    
 2001SH41 1. ν: 7/2[503]⊗7/2[514]  
2470.4 25/2+ 260.9     
         ⊗9/2[624]  
2753.9 27/2+ 283.7 544.5 0.180(6)   2. Half-life of bandhead is < 3 
3045.7 29/2+ 291.9 575.2 0.122(6)         ns.  
       3. Average exp. gK  value is  
            0.45(5)/ 0.15(5)  for gR = 
            0.30(5). 
       4.  Assumed Q0 = 7.6  eb  
            
Elevel 
                keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1        1591.2 19/2+     2004SH08 1. ν: 1/2[521]⊗7/2[503]  
1844.4 21/2+ 252.9     
        ⊗11/2[615]  
2108.0 23/2+ 263.4 516.8 0.19(1) 1.89(10)  2. Nuclear reaction: 
2386.7 25/2+ 278.8 542.5 0.15(1) 0.64(4)      176Yb (13C,4n) 185Os 
2678.9 27/2+ 292.5 570.8 0.08(1) 0.13(3)        E=65 MeV 
2987.4 29/2+  600.7    3. Half-life of bandhead is < 5   
3309.2 (31/2+)  630.3         ns . 
3663.4 (33/2+)  676.0    4.  Signature splitting more  
4010.9 (35/2+)  701.8         pronounced at higher spins. 
       5. Assumed Q0 = 5.7 eb  
    
 
  6. The  B
 
(Μ1)/B
 
(E2)  values are   
            deduced in the present work.  
        
2         1987.1 23/2-     2004SH08 1. ν: 3/2[512]⊗9/2[624]  
2264.3 25/2- 277.1     
        ⊗11/2[615]  
2551.7 27/2- 287.5 565.0 0.17(1) 2.54(13)  2. Half-life of bandhead is 
2848.4 29/2- 296.4 584.5 0.15(1) 1.13(5)      5.5(10) ns.  
3139.8 31/2- 291.3 588.2 0.06(1) 0.15(1)  3. Strong signature splitting. 
3460.9 33/2- 321.0 612.6 0.01(2) 0.01(1)  4. Assumed Q0 = 5.7 eb.  
3703.0 35/2- 241.9 563.0 0.04(1) 0.03(2)  5.The B
 
(Μ1)/B
 
(E2)  values are   
4101.1 (37/2-) (398) 640.1        deduced in the present work. 
4304.6 (39/2-)  601.6     
4792.6 (41/2-)  691.6     
4976.6 (43/2-)  672.0     
5541.9 (45/2-)  749.3     
5713.6 (47/2-)  736.9     
6338.6 (49/2-)  796.7     
6506.6 (51/2-)  793.1     
7358.6 (55/2-)  852.0     
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94
171
77 Ir  
 
 
104
181
77 Ir  
 
 
 
 
 
 
 
 
 
 
 
 
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1               X (23/2-)    1999BA84 1. π: h11/2 
98.0+X (25/2-) 98.0    
     ν: 3/2[651](α= +1/2) 
223.0+X (27/2-) 125.0    
       ⊗3/2[521](α= +1/2) 
424.2+X (29/2-) 201.2    2. Nuclear reaction: 
671.0+X (31/2-) 246.8        116Sn(58Ni, p2n)171Ir  
955.8+X (33/2-) 284.8         E=260, 267 MeV 
1275.2+X (35/2-) 319.5    3. Level energies are adopted  
1631.0+X (37/2-) 355.5         from ENSDF. 
       
2    2326.7+X (23/2-)    1999BA84 1. π: h11/2 , ν: i213/2 
2381.5+X (25/2-)     2. Level energies are adopted  
2496.8+X (27/2-) 115.3         from ENSDF. 
2677.9+X (29/2-) 181.1     
2945.6+X (31/2-) 267.7     
3284.2+X (33/2-) 338.6     
3671.7+X (35/2-) 347.5     
       
Elevel 
              keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1       1807.0 19/2+     1993DR02 1.  π: 1/2[541]  
1882.1 21/2+ 75.5     
     ν: 7/2[514]⊗7/2[633]    
1989.8 23/2+ 107.8 183    2. Nuclear reactions: 
2129.5 25/2+ 139.6 247.2 0.19(4) 1.0(5)  (a)   169Tm (16O, 4n) 181Ir 
2298.5 27/2+ 169.0 309 0.22(3) 1.0(3)  (b)   169Tm (17O, 5n) 181 Ir  
2498.2 29/2+ 199.7 368.9 0.21(2) 0.75(14)          E=77-105 MeV 
2720.6 31/2+ 222.4 422.1 0.14(2) 0.29(7)  3. Small signature splitting is 
2969.0 33/2+ 248.4 470.6 0.21(2) 0.57(11)      present. 
3239.1 35/2+ 270.1 518.9 0.21(2) 0.53(9)  4. Pure K and Q0 = 6  eb  
3528.3 37/2+ 288.9 559.6         assumed. 
3837.3 39/2+ 309.0 597.9     
4161.7 41/2+  633.4     
4494.5 43/2+  657.2     
4840 45/2+  678     
(5205) (47/2+)  (710)     
5564 (49/2+)  (724)     
(6332) (53/2+)  (768)     
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104
181
77 Ir  
           
 
 
 
Elevel 
           keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
 2     1837.6 21/2+     1993DR02 1. Authors discuss different  
2123.7 25/2+  286.1        scenarios about configuration 
2494.4 29/2+  371.0        assignment but none  agree  
2981.7 33/2+  487.3       with observed  behavior; thus 
3534.5 37/2+  552.8        structure remains uncertain. 
4133.9 41/2+  599.4     
4777.2 45/2+  643.3     
5474 49/2+  697     
(6234) (53/2+)  (759)     
        
3         1956 (17/2+)     1993DR02 1. Two possible configurations 
             are: 
       (a)  π: 1/2[541]  
    
  
 
      ν: 7/2[514]⊗5/2[512]  
       (b)  π: 5/2[541]  
    
  
 
      ν: 7/2[514]⊗7/2[633]  
        
4         1961 19/2-     1993DR02 1. π: 5/2[402]  
    
   
    ν: 7/2[514]⊗7/2[633]  
        
5      1979.0 21/2-     1993DR02 1 π: 9/2[514]  
2174.6 23/2- 195.6     
   ν: 5/2[512]⊗7/2[514]  
2381.4 25/2- 206.8 402.7 0.16(2) 1.6(5)  2. Backbending at I=33/2-. 
2601.9 27/2- 220.5 427.4 0.19(2) 1.2(2)  3. Pure K and Q0 = 6  eb  
2836.4 29/2- 234.5 454.9 0.18(2) 0.8(2)       assumed. 
3083.6 31/2- 247.2 481.8 0.12(2) 0.30(8)   
(3340.3) (33/2-) (256.7) (503.6) 0.14(2) 0.34(9)   
(3600.1) (35/2-) (259.8) (516.6) 0.15(2) 0.40(8)   
(3877.4) (37/2-) (277.3) (536.5) 0.22(4) 0.8(3)   
(4174.0) (39/2-) (296.6) (573.9) 0.31(14) 1.4(4)   
(4443.2) (41/2-)  (565.8)     
      
 
 
6      2033.9 23/2+     1993DR02 1 π: 9/2[514]  
2191.2 25/2+ 157.3     
   ν: 7/2[633]⊗7/2[514]  
2381.5 27/2+ 190.3 347.7 0.132(18) 1.4(4)  2. Half-life of bandhead is 29 ns. 
2596.6 29/2+ 215.1 405.5 0.20(1) 1.70(18)  3. Small signature splitting  at   
2832.8 31/2+ 236.2 451.5 0.19(1) 1.14(14)      higher spins. 
3087.2 33/2+ 254.4 490.8 0.15(1) 0.60(6)  4. Pure K and Q0 = 6  eb  
3356.7 35/2+ 269.5 523.9 0.162(12) 0.62(9)       assumed. 
3640.0 37/2+ 283.3 552.8 0.216(14) 1.00(13)   
3935.2 39/2+ 295.4 578.5 0.17(2) 0.56(11)   
4242.7 41/2+ 307.8 603.1 0.114(16) 0.24(7)   
4562.3 43/2+ 319.6 627.6 0.12(2) 0.25(8)   
4895.7 45/2+  653.1     
5242.3 47/2+  680.0     
5602.1 (49/2+)  706.4     
(5974) (51/2+)  (732.9)     
(6360) (53/2+)  (758)     
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107
185
78 Pt  
 
 
 
 
187
78 109Pt  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Elevel 
        keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
B
 
(Μ1)/B
 
(E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1.     3131.4 (33/2-)    1989PI09 1. π: 1/2[541]⊗1/2[660]  
3294.3 (35/2-) 162.9        ν: 9/2[624]        
3511.4 (37/2-) 217.1 380.0   2. Nuclear reaction: 
3725.0 (39/2-) 213.6 430.7 1.12(8)     173Yb(16O,4n)185 Pt  
3990.7 (41/2-) 265.7 479.3       E=90 MeV 
4263.2 (43/2-) 272.5 538.2   3. Strong signature splitting. 
4564.6 (45/2-) 301.4 573.9    
4902.2 (47/2-)  639.0    
       
 
           Elevel 
          keV 
Ipi        Eγ (Μ1)  
keV    
Eγ (E2) 
keV  
gK-gR B (Μ1)/B (E2)  
(µΝ /eb)2 
Keywords Configuration and Comments  
1.      1896.3 25/2-     2007ZH09 1. ν: i13/22⊗νj(j=p3/2 or f5/2) 
2230.8 27/2- 334.4     2. Nuclear reactions: 
2433.6 29/2- 202.6 537.3           173Yb (18O, 4nγ)187Pt 
2792.9 31/2- 359.4 562.1                E=78, 85 MeV 
2942.7 33/2-  509.1    3. Signature splitting with  
3297.4 35/2-  504.5        signature inversion at I=39/2- 
3552.3 37/2-  609.6     
3889.0 39/2-  591.6     
4249.8 41/2-  697.5     
4554.5 43/2-  665.5     
4986.3 45/2-  736.5     
5272.0 47/2-  719.5     
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CHAPTER 3 
 
ODD EVEN STAGGERING AND TEST OF 
CHAOTICITY IN THREE-QUASIPARTICLE 
ROTATIONAL BANDS 
 
3.1 INTRODUCTION 
 
The three-quasiparticle (3qp) rotational bands discussed in the present thesis are 
high-spin bands and display a number of high-spin features. These high- spin features have 
not been discussed so far in much detail.  In this chapter we present two different studies for 
the 3qp bands. In the first part of this chapter, we discuss, the odd-even staggering observed 
in 3qp rotational bands in terms of the Coriolis effects and present a rule for testing the 
favored signature in the 3qp rotational bands. The applications of the rule for testing the 
favored signature, confirmation of the spin/parity assignments, and confirmation of the 
configuration assignments to the 3qp bands are also discussed. In the second part of this 
chapter, we discuss the behavior of the nuclear energy levels, which corresponds to the one-
quasiparticle (1qp) excitations and the 3qp excitations, in the frame work of Random Matrix 
Theory (RMT). Our objective behind this statistical study is to test whether there is any 
change in the fluctuation properties (i.e. any transition from chaotic to integrable domain or 
vice versa) while going from the 1qp excitations to the 3qp excitations. 
We find that the observed 3qp rotational bands can be classified into four categories: 
(i) bands which display a regular odd-even staggering  
(ii) bands which display a signature inversion behavior 
(iii) bands which display a back-bending/band-crossing behavior 
(iv) bands which are just regular and do not fall in these categories. 
 
The back-bending phenomenon is usually explained in terms of the alignment of an extra 
pair of high-j particles. Probably the same explanation holds in the cases presented here.   
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3.2 ODD-EVEN EFFECTS IN THREE-QUASIPARTICLE ROTATIONAL 
BANDS 
 
Signature is a quantum number related to the invariance of the wave function of an 
axially symmetric deformed nucleus with respect to a rotation by an angle pi  about an axis 
(say x-axis) perpendicular to the symmetry axis. If xR  is the corresponding rotation operator 
then  
            ( ) xi J ixR e epi piαα α αpi ψ ψ− −Ψ = =                                                     (3.1) 
  
where αψ denotes the wave function with signature α  and the eigen values of xR     
are denoted by r as: 
                  
i
r e piα−=                                                                                             (3.2) 
and invoking the invariance of the total wave function one obtains for integer I 
              ( 1)Ir = −                                                                                                (3.3) 
where I  is total nuclear spin. We thus have the following classification of the wave 
function:  
for even nucleon number systems 
    
...7,5,3,1),1(1
...6,4,2,0),0(1
==−=
==+=
Ir
Ir
α
α
                                                               (3.4)           
while for odd nucleon number systems (Bengtsson and Frauendorf, 1979b) 
1 1 5 9( ), , , ....
2 2 2 2
1 3 7 1 1( ), , , ....
2 2 2 2
r i I
r i I
α
α
= − = + =
= + = − =
                                                                 (3.5)  
An odd-even staggering in the rotational bands of odd-A, and odd-odd nuclei is one of the 
most significant characteristics linked to the signature quantum number (α ). When the 
rotation axis coincides with one of the principal axes perpendicular to the symmetry axis, the 
signature remains a good quantum number. Under suitable conditions, the 1
2
α = +  members 
of the band (in an odd-A nuclei) get shifted in energy with respect to the 1
2
α = −  members 
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of the same band. In such situations, the odd-even staggering is identified as the signature 
splitting of a band because the signature is a good quantum number. In order to understand 
the cause of this shift in energy levels (signature splitting) we consider signature quantum 
number in more detail. We know that signature quantum number is related to the invariance 
of the wave function under rotation by an angle pi  about an axis perpendicular to symmetry 
axis. This invariance introduces a phase factor KI +− )1( (called signature) in the wave 
function and hence in the energy expression. This term alternates the sign for successive 
values of I, as a result of which the 1
2
α = +  members of a band get shifted in energy with 
respect to the 1
2
α = −  members of the same band. Therefore, there are two ∆I=2 bands 
instead of one ∆I=1 band and alternate spin states having the same signature are connected 
by E2 transitions. These two ∆I=2 bands are distinguished from each other by the signature 
quantum number α or r . In ∆I=1 rotational bands, the two signature branches are usually 
not equivalent energetically. Due to the Coriolis force acting on the valence particles, one of 
them called favored, lies lower in energy than the other branch, called unfavored. Whenever 
an expected favored signature branch becomes unfavored at higher spins i.e. a signature 
branch, which is expected to be lower in energy, becomes higher in energy, then it is called 
a signature inversion. 
 The basis functions for the 1qp bands of odd-A nuclei are given by (Bohr and 
Mottelson, 1975): 
 2
2 1( ( 1) )
16p
IMK I I K I
k MK p M K x p
I D k D R k
pi
+
−
+Ψ = 〉 > + − 〉 〉                              (3.6) 
 
where K  is the projection of total angular momentum I on the symmetry axis, pk is the 
projection of intrinsic (proton/ neutron) angular momentum on the symmetry axis and 
( ( ))x xR R pi= is a rotation operator which rotates the system by an angle pi about an axis(x-
axis) perpendicular to the symmetry axis.  KI +− )1(  is the phase factor introduced by the 
rotational part of the wave function under rotation xR . 
I
MKD  are the functions describing the 
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orientation of a deformed rotor in the laboratory frame and are functions of the Euler angles 
which specify that orientation. 
The rule which governs the favored spin and the favored signature for the 1qp bands 
is: 
1( )
21mod 2; ( 1)
2
j
f fI j α
−
= = −                                                                (3.7)                            
where fI  is the favored spin, fα is the favored signature and j is the particle angular 
momentum of the configuration. The origin of this rule is known to be the large decoupling 
in the K= 1
2
 component of the bands; this coupling is transmitted by the Coriolis coupling to 
higher-K values (Jain and Jain, 1984). 
Similarly, the wave function, the favored spin and the favored signature for the two 
quasiparticle (2qp) bands in the odd-odd nuclei are given by: 
        2
0
2 1 ( ( 1) )
16 (1 )p q
IMK I I K I
k k MK p q M K x p q
K
I D k k D R k k
pi δ
+
−
+Ψ = 〉 > + − 〉 〉
+
         (3.8) 
             
1 1( ) ( )
2 21 1mod 2 ; ( 1) ( 1)
2 2
p qj j
f p q fI j j α
− −
= + = − + − ;                                (3.9)                                     
where pk , qk are the single particle wave functions and pj , qj are the spins of the odd 
particles. The origin of this rule can again be traced to the decoupling effects of the K=0 
band formed by combining 1
2
Ω =  odd-proton and 1
2
Ω =  odd-neutron. The signature 
splitting of the K= 0 band is then transmitted to higher-K bands by the higher order Coriolis 
coupling (Jain et al., 1989). Another source of signature splitting in K= 0 bands is the 
presence of a diagonal neutron-proton (n-p) residual interaction matrix element, known as 
the Newby shift. It should be noted that the signature splitting due to the decoupling term in 
high- j  configuration bands is considerably larger than the Newby shift. 
An empirical rule which is an extension of the rule for 2qp bands (Jain et al., 1989, 
Amita, 2001) can be devised to check the favored signature in the 3qp bands of the odd-A 
nuclei. In case of the 3qp bands, the wave function, the favored spin, and the favored 
signature may be given by: 
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       2
2 1( ( 1) )
16p q r
IMK I I K I
k k k MK p q r M K x p q r
I D k k k D R k k k
pi
+
−
+Ψ = 〉 > + − 〉 〉                  (3.10) 
       2modrqpf jjjI ++= ;   
)
2
1()
2
1()
2
1( )1(
2
1)1(
2
1)1(
2
1 −−−
−+−+−=
rqp jjj
fα    (3.11)                                        
where pk , qk , rk  are the single particle wave functions and pj , qj and rj are the angular 
momenta of the three particles. The observed signature splitting in the 3qp bands is basically 
due to the higher order Coriolis couplings (Singh et al., 2006a) 
It should be noted that j is generally not a good quantum number in deformed 
nuclei. However, most of these 3qp structures involve more than one, or, sometimes all three 
orbitals, which have high- j value. Such orbitals usually remain almost pure, and the 
corresponding j can be used in the equation (3.11) given above. In the 3qp configurations 
having two like particles in same j and in the same orbital, favored signature is determined 
by the 3rd particle only. Thus, the favored signature for a band based on the configuration 
h11/2(i13/2)2 will be 21−=α  and the favored spin will be ....,29,27,23=fI  
 
3.3 DISCUSSION 
 
In chapter 2, we have pointed out that there are 49 bands which show signature 
splitting and sometimes signature inversion. We have tested the rule given by equation 
(3.11) for all the 3qp bands exhibiting signature splitting. A point-wise application of this 
rule to all these cases is given below: 
 
(1) Bands for which the experimentally observed favored signature matches with the 
theoretically favored signature are listed in Table 3.1.  
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Table 3.1 Bands for which the experimentally favored signature matches with the   
      theoretically favored signature.  
  
aCorresponds to the Band# of Singh et al. (2006b) 
bThe Keywords follow key numbers as assigned in Nuclear Science References (NSR)  
database at Brookhaven National Laboratory, USA. These keywords are given at the end of 
this chapter. 
*
 Bands similar to the one shown in Fig. 3.1 (a, b) 
 
Those for which the experimentally observed favored signature does not match with the 
theoretically favored signature, a possible explanation for violation is given in Table 3.2. In 
S. 
No. Nucleus 
aBand# Configuration αf (exp) 
αf 
(th) Keywords
b
 
1 153Tb 2 7/2[523]p⊗3/2[651]n⊗11/2[505]n -1/2 -1/2 1998HA37 
2 155Dy 1 3/2[521]n⊗1/2[660]n⊗1/2[660]n +1/2 +1/2 1994VL02 
3 157Ho 2 7/2[523]p⊗3/2[651]n⊗3/2[521]n +1/2 +1/2 1992RA17 
4 157Er 1 7/2[523]p⊗7/2[404]p⊗3/2[651]n -1/2 -1/2 1995GA13 
5 159Er 1 7/2[523]p⊗7/2[404]p⊗3/2[651]n -1/2 -1/2 1998SI03 
6 163Er 7 7/2[523]p⊗7/2[404]p⊗5/2[523]n -1/2 -1/2 1997HA23 
7 157Tm 1 7/2[523]p⊗3/2[651]n⊗3/2[521]n -1/2 -1/2 1995RI01 
8 165Tm 1 7/2[404]p⊗5/2[642]n⊗5/2[523]n +1/2 +1/2 2001JE09 
9 165Tm 2 7/2[523]p⊗5/2[642]n⊗5/2[523]n +1/2 +1/2 2001JE09 
10 159Lu 1 7/2[523]p⊗3/2[651]n⊗3/2[521]n +1/2 +1/2 1995MA46 
11 165Lu 1 9/2[514]p⊗5/2[642]n⊗5/2[523]n -1/2 -1/2 2004SC14 
12 171Lu 1 7/2[404]p⊗7/2[633]n⊗1/2[521]n -1/2 -1/2 1998BB02 
13* 171Lu 2 1/2[541]p⊗7/2[633]n⊗1/2[521]n +1/2 +1/2 1998BB02 
14 169Hf 2 9/2[514]p⊗1/2[411]p⊗5/2[642]n -1/2 -1/2 2001SC49 
15 171Hf 1 7/2[404]p⊗5/2[402]p⊗7/2[633]n +1/2 +1/2 1997CU01 
16 173Ta 2 1/2[541]p⊗1/2[521]n⊗7/2[633]n +1/2 +1/2 1995CA27 
17 175Ta 3 9/2[514]p⊗7/2[633]n⊗5/2[512]n +1/2 +1/2 1996KO17 
18 179Re 4 5/2[402]p⊗7/2[514]n⊗5/2[512]n +1/2 +1/2 2002TH12 
19 181Re 1 5/2[402]p⊗9/2[624]n⊗7/2[514]n -1/2 -1/2 2000PE18 
20 181Re 4 9/2[514]p⊗9/2[624]n⊗7/2[514]n +1/2 +1/2 2000PE18 
21 181Os 3 1/2[521]n⊗9/2[624]n⊗7/2[633]n +1/2 +1/2 2003Cu03 
22* 183Os 1 5/2[402]p⊗1/2[541]p⊗9/2[624]n -1/2 -1/2 2001SH41 
23 185Pt 1 1/2[541]p⊗1/2[660]p⊗9/2[624]n -1/2 -1/2 1989Pi09 
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our compilation (Singh et al., 2006b), we have identified seven bands as tilted rotational 
bands (t- bands). Out of these seven t-bands, only five bands exhibit signature splitting. 
Violation of the rule in all these cases (as shown in Table 3.2), supports the fact (Frauendorf, 
2001) that signature does not remain a good quantum number for tilted axis rotation.  
Table 3.2 Bands for which the experimentally favored signature does not match  
with the theoretically favored signature and a possible explanation for 
violation exists. 
 
a, b
 Same as Table 3.1 
 
 
 
S. 
No. 
Nucleus aBand#          Configuration αf 
(exp) 
αf 
(th) 
Explanation and  
keywordsb 
1 
 
 
 
2 
 
 
3 
 
 
4 
 
 
5 
 
 
 
 
6 
179W 
 
 
 
181Re 
 
 
181Re 
 
 
183Re 
 
 
181Os 
 
 
 
 
163Er 
4 
 
 
 
3 
 
 
5 
 
 
8 
 
 
2 
 
 
 
 
9 
9/2[624]n⊗7/2[514]n⊗7/2[633]n 
 
 
 
5/2[402]p⊗9/2[624]n⊗7/2[633]n 
 
 
9/2[514]p⊗9/2[624]n⊗7/2[633]n 
 
 
9/2[514]p⊗9/2[624]n⊗11/2[615]n 
 
 
7/2[514]n⊗9/2[624]n⊗7/2[633]n 
 
 
 
5/2[642]n⊗5/2[523]n⊗3/2[521]n 
 
-1/2 
 
 
 
+1/2 
 
 
-1/2 
 
 
-1/2 
 
 
-1/2 
 
 
 
 
+1/2 
 
+1/2 
 
 
 
-1/2 
 
 
+1/2 
 
 
+1/2 
 
 
+1/2 
 
 
 
 
-1/2 
 
1994WA05 
 
 
 
1997PE15 
 
 
1997PE15 
 
 
1998HA51 
 
 
2003CU03 
 
All are t- bands. 
 
 
Validity of the 
rule  with 
reduction of spins 
by one unit, is in 
accordance with 
the explanation  
given in 
1997Ha23 
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(2) Out of the 49 cases, there are four cases for which configuration assignment is 
tentative and the rule helps in confirming the configuration assignment as shown in 
Table 3.3. It should be noted that the validity of this rule for 163Lu and 173Ta (Table 
3.3) strengthens the explanations given by Jensen et al. (2004) and Carlsson et al. 
(1995) for the configuration assignments. We, therefore, hope that this rule will be 
helpful to the experimentalists for configuration assignments to the 3qp bands. 
 
Table 3.3 Bands having tentative configuration assignment in the literature and  
     validity of the rule in these cases confirms the configuration assignments. 
 
 
a,b
 Same as Table 3.1 
 
  
S. 
No. 
Nucleus aBand#          Configuration αf 
(exp) 
αf 
(th) 
Explanation and 
 keywordsb 
 
1 
 
 
 
2 
 
 
 
 
 
3. 
 
 
 
4 
 
163Er 
 
 
 
163Lu  
 
 
 
 
 
169Re  
 
 
 
173Ta 
 
1 
 
 
 
1 
 
 
 
 
 
1 
 
 
 
1 
 
 
5/2[642]n⊗5/2[523]n⊗3/2[521]n 
 
 
7/2[404]p⊗5/2[642]n⊗5/2[642]n 
5/2[402]p⊗5/2[642]n⊗5/2[642]n 
1/2[411]p⊗5/2[642]n⊗5/2[642]n 
 
 
 
9/2[514]p⊗3/2[651]n⊗3/2[521]n 
 
 
 
5/2[402]p⊗5/2[512]n⊗7/2[633]n 
7/2[404]p⊗7/2[633]n⊗1/2[521]n 
 
 
+1/2 
 
 
-1/2 
-1/2 
-1/2 
 
 
 
 
+1/2 
 
 
 
+1/2 
+1/2 
 
+1/2 
 
 
-1/2 
+1/2 
-1/2 
 
 
 
 
+1/2 
 
 
 
+1/2 
-1/2 
 
1997HA23 
  
 
validity of the rule 
 for 1st configuration 
supports  the explan- 
ation given in 
2004JE03 
 
 
2004ZH05 
 
 
Validity of the rule 
strengthens the 
explanation given 
 in 1995CA27. 
5/2[512] orbital has 
a contribution of 
~74% from  f7/2 and 
23% from  h9/2 sub- 
shells. 
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(3) There are nine bands (included in Table 3.1) which show signature splitting but have 
uncertain spin/parity in literature. Validity of the rule in these cases confirms the 
spin/parity assignments and hence strengthens the explanation given in the literature 
for these assignments.  
(4) In case of 163Er, (Table 3.2), the rule becomes valid by reducing the assigned spins 
by one unit. This reduction of spins by one unit is also consistent with the 
explanation given by Hagemann et al. (1997) and hence this rule again helps in 
confirmation of the spin and configuration assignments. 
(5) There are some bands for which lower part of the band has not been observed, but 
these bands exhibit signature splitting at higher spins. Validity of the rule in these 
cases suggests that there may not be signature inversion in lower part/unobserved 
part of these bands. We have plotted (see Fig.3.1 (a, b)) two cases for which 
staggering is present at higher spin values and lower part of the band is also observed 
experimentally (Table 3.1). Validity of the rule in these cases indicates that there 
should not be signature inversion in the lower part of the band, which is consistent 
with the experimental observation. Since the staggering behavior arises due to the 
Coriolis effects (Jain et al., 1989; Goel and Jain, 1992), therefore, absence of 
staggering in low spin region suggests that Coriolis effects are not significant in this 
region. In reverse situation, violation of the rule at higher spin values of these bands 
indicates that there may be a signature inversion in lower/unobserved part of the 
band. Accordingly, we suggest signature inversion in two cases 157Tm (band 2) and 
163Lu (band 2). Here the band# corresponds to the band# of Singh et al. (2006b).  
 (6) Some Nilsson orbital are not pure (e.g. f7/2 and h9/2 have appreciable mixing) and 
have appreciable contribution from sub-shells different from their parent. In order to 
extend the validity of this rule for these cases, single particle calculations are done by 
taking deformations from Moller et al. (1995) and κ, µ parameters from Bengtsson 
and Ragnarsson (1985). The j value to be used in equation (3.11) should be 
reasonably pure but, in case of mixed orbital, we can use j value of a sub-shell which 
contributes substantially (exceeds by at least 50% from its mixing partner) to a 
particular Nilsson orbital. Validity of the rule for these cases is discussed in Table 
 111
3.4. Exact contribution from each sub-shell is calculated and the results are in 
accordance with the experimental results.  
 
Table 3.4 Bands having mixed orbitals and validity of the rule is tested by taking the   
     j  value of a sub-shell having substantial contribution. 
 
a, b
 Same as Table 3.1 
 
(7) There are 10 cases exhibiting signature splitting but it is not possible to test the 
favored signature with the help of this rule because of the following reasons: 
(i) Configuration is not pure, i.e., there is a mixture of more than one 
configuration. 
(ii) Configuration is not known in the literature. 
(iii) Staggering plot is not regular over a wide spin range. 
(iv) Nilsson orbital taking part in the given configuration of a 3qp band is not 
pure and contributions from different j-values are almost same. 
S. 
No. 
Nucleus aBand#          Configuration αf 
(exp)
 
αf 
(th) 
Explanation and 
 keywordsb 
 
1 
 
 
 
 
 
 
 
2. 
 
 
 
 
 
 
3. 
 
185Os 
 
 
 
 
 
 
 
185Os 
 
 
 
 
 
 
181Ir 
 
 
1 
 
 
 
 
 
 
 
2 
 
 
 
 
 
 
1 
 
1/2[521]n⊗7/2[503]n⊗11/2[615]n 
 
 
 
 
 
 
 
3/2[512]n⊗9/2[624]n⊗11/2[615]n 
 
 
 
 
 
 
1/2[541]p⊗7/2[633]n⊗7/2[514]n 
 
 
-1/2 
 
 
 
 
 
 
 
-1/2 
 
 
 
 
 
 
-1/2 
 
-1/2 
 
 
 
 
 
 
 
-1/2 
 
 
 
 
 
 
-1/2 
 
 
 
 
Contribution of f7/2  
and h9/2 sub-shells 
 in 7/2[503] orbital 
 is ~ 89% and 
 7% respectively. 
2004SH08 
 
Contribution of p3/2  
and f5/2 sub-shells 
 in 3/2[512] orbital 
 is ~12% and 
 ~64% respectively. 
2004SH08 
 
Contribution of f7/2 
 and h9/2 sub-shells 
 in 7/2[514] orbital  
is 7% and 
 92% respectively. 
1993DR02 
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Thus we found that the rule given by equation (3.11) works reasonably well in all 
those cases where the configuration assignments are known and there is no significant 
mixing. This rule is also useful for testing the favored signature and for confirmation of the 
spin/parity assignment 
 . 
                                                         
                
 
 
                                                                                     I (η)     
 
Fig. 3.1(a, b) Bands for which the lower part is observed and do not exhibit signature  
                       splitting in the lower spin region but the rule is valid at higher spin values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
∆E
γ(k
eV
) 
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3.4 TEST OF CHAOTICITY IN THREE-QUASIPARTICLE EXCITATIONS 
 
The theory of quantum chaos is concerned with the statistical properties of quantum 
systems that possess a classical limit. It has been established that (Bohigas et al., 1985) the 
statistics of energy levels are typically described either by Random Matrix Theory (RMT), 
when the classical limit is chaotic, or by a Poisson distribution, in the case when the 
classical dynamics is regular, i.e., completely integrable. In the following sections we 
present the results of a statistical analysis of the 1qp and the 3qp excitations. 
 
3.4.1 Statistical Approach for Nuclear spectra- Random Matrix Theory 
 
 Due to the advent of sophisticated experimental facilities and advanced analysis 
techniques, we now have a large amount of experimental data on excitation spectra of 
various nuclei. The independent particle model, where the nucleons are supposed to move 
freely in an average potential well, has been very successful in explaining the low lying 
spectra. As the excitation energy increases, breaking of different nucleon pairs leads to 
multi-quasiparticle (MQP) states. There are two compelling reasons for the statistical study 
of nuclear levels at higher excitation energies. Firstly, the explanation of nuclear spectra (at 
high excitation energy) with the assumption that nucleons move in an average potential, 
instead of complicated interactions among themselves, becomes less accurate. Secondly at 
higher excitations the nuclear states are so dense and intermixing is so strong that it is a 
difficult task to explain the individual states. But by using statistical approach -known as the 
Random Matrix Theory, it is possible to give general appearance and the degree of 
irregularity of the level structure that is expected to occur in any nucleus. In this approach 
we consider ensemble of Hamiltonian operators as matrices and each of these operators 
describe a different nucleus. The elements of these matrices are random variables whose 
distributions are restricted only by the general symmetry properties we might impose on the 
ensemble of the operators. It is a reasonable expectation that a system under observation will 
be described correctly by an ensemble average. This expectation is compelling because the 
system might be one of the huge varieties of systems and very few of them will deviate 
much from the properly chosen ensemble average. The deviation of such systems from an 
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ensemble average suggests that Hamiltonian of these systems possesses the specific 
properties of which we are not aware. 
 
3.4.2 Signature of Quantum Chaos- Fluctuation Properties of Gaussian Orthogonal 
Ensemble  
 
It has been conjectured that the fluctuation properties of energy levels of a quantum 
system can serve as a signature for the presence of quantum chaos. One criterion, which has 
been applied for quantum chaos is that, the fluctuation properties of the energy levels show 
behavior, which is consistent with the Gaussian Orthogonal Ensemble (GOE) of the RMT 
(Brody et al., 1981). This idea was first proposed by Bohigas et al. (1984). A variety of 
systems have now been studied numerically (Delande and Gay, 1986; Wintgen and Marxer, 
1988; Molinari and Weidenmuller, 2004) in which the quantum analogue of a classically 
chaotic system shows GOE fluctuations and quantum analogue of a classically integrable 
system displays Poisson fluctuations. In this part of chapter we present statistical analysis of 
the 1qp and the 3qp excitations. Our aim for this study is to check the possibility of any 
symmetry breaking and appearance of some three-body effects while going from the 1qp 
excitations to the 3qp excitations. 
 
3.4.3 Analysis procedure for Random Matrix Theory 
 
When comparing data to the predictions of the RMT, it is necessary to consider only 
those energy levels, which have the same symmetry (i.e. same quantum numbers). For 
nuclear physics applications, this requirement generally means the same total angular 
momentum, J, and same parity pi, although additional quantum numbers may be required in 
some cases. We, then, have to unfold the spectra so that the density of levels becomes 
independent of energy. Other main requirement for meaningful analysis of the fluctuation 
properties of a set of energy levels is the extremely high quality of data. The sequence 
(group of energy levels with the same quantum numbers being studied must be complete and 
pure. The completeness of a sequence means few or no levels should be missing and purity 
of sequence means few or no levels should be misassigned. Since failure to meet either of 
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these conditions can severely affect the fluctuation behavior. Several different statistics are 
generally employed in studying energy level fluctuations. These include the nearest- 
neighboring spacing (NNS), Dyson-Mehta ∆3 statistics and linear correlation coefficient 
between adjacent spacing. NNS distribution has been found to be more reliable. Nearest 
neighboring spacing iS  for a sequence of levels are generated by calculating the energy 
difference between adjacent levels of that sequence. It is simplest to express the spacing 
distribution as a function of the dimensionless parameter x=S/D , where D is the average 
spacing between the levels. For the spacings which obey GOE statistics, the NNS 
probability distribution function P(x)  is very nearly Wigner Distribution and is given by  
4
2
2
)(
x
xexP
pipi −
=                                                                    (3.12) 
 
On the other hand if the spacing obeys the Poisson distribution then the NNS probability 
distribution function P(x) is given by  
xexP −=)(                                                                               (3.13) 
 
Thus, the transition of a quantum system from an integrable to a chaotic domain is generally 
tested by using the fluctuation properties. An integrable system corresponds to a Poisson 
distribution whereas a chaotic system leads to a GOE of the RMT.  
We examine the behavior of the nuclear energy levels, which corresponds to the 1qp 
excitations and the 3qp excitations in deformed nuclei. At excitation energy ≥ 1MeV, which 
is approximately the energy gap 2∆ in the rare-earth region, a proton or a neutron pair can 
breakup and form a 3qp states in an odd-A nucleus. Such breakings of a proton/ neutron pair 
lead to possible symmetry breakings and appearance of some three-body effects. In order to 
test such effects while going from the 1qp excitations to the 3qp excitations, we did the 
comparison of fluctuation properties of the nuclear energy levels, which corresponds to the 
1qp excitations and the 3qp excitations. 
The data are presented in Table 3.5 and Table 3.6 for the 1qp and the 3qp excitations 
respectively. In order to study the NNS, we have used 52 1qp and 52 3qp levels having the 
spin and parity of 27/2+. Choosing the same spin- parity ensures that the levels have the 
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same symmetries. We have taken the data for the 1qp states from the Table of Isotopes 
(Firestone et al., 1996) and for the 3qp states from our recent compilation (Singh et al., 
2006b).  The mass region selected for the 1qp and the 3qp excitations is 153 181A≤ ≤  and Z 
= (65-77) for the 1qp states and Z= (63-76) for the 3qp states. To compare the different 
sequences to each other, each set of energy levels are converted to a set of normalized 
spacing {xi} where xi = Si/D and D is average level spacing for that sequence. However, D 
itself is a function of energy and decreases as excitation energy increases; knowing D is 
equivalent to knowing the level density (ϑ), which is given by: 
   ϑ = 1/D (E)                                                                                                             (3.14) 
 
3.5 DISCUSSION 
 
 In Table 3.7 and 3.8, we present the results of the statistical analysis for the 1qp and 
the 3qp excitations. The first column gives the spacing (S), the second column gives the 
NNS distribution P(S) and the third column gives the Poisson Distribution (POISS). These 
results are plotted in Fig. 3.2(a, b) for 3qp and 1qp excitations respectively. From the Fig. 
3.2(a, b), we conclude that both set of data conform to the Poisson-type energy- level 
fluctuations. Although the data are not very large, but with existing data on the 3qp states 
and correspondingly for the 1qp states, we  conclude that  there is no further breakdown of 
symmetries or, loss of integrability as we go from the 1qp excitations to the 3qp excitations. 
It also indicates that three body effects, if present at all, must be very small.  
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Table 3.5 Experimental data of one-quasiparticle excitations. 
 
S. 
No. 
Nuclide K 
EK 
( keV) 
E27/2+ 
(keV) 
E=(E*A)/153 
(keV) 
1 153Eu 5/2+ 0 2067.3 2067.3 
2 153Tb 7/2+ 80.72 2467.4 2467.4 
3 155Dy 9/2+ 132.2 2000 2026.144 
4 155Er 13/2+ 563.2 2574.1 2607.748 
5 157Tb 5/2+ 327.3 2273.4 2332.835 
6 157Tb 3/2+ 0 2037.7 2090.973 
7 157Ho 7/2+ 66.9 2453.9 2518.054 
8 157Ho 5/2+ 53.1 2589.6 2657.302 
9 159Tb 3/2+ 0 2019.1 2098.28 
10 159Dy 5/2+ 177.6 1775.8 1845.439 
11 159Ho 1/2+ 205.9 2395.9 2489.857 
12 159Er 13/2+ 226 2025 2104.412 
13 159Tm 7/2+ 52.9 2549.2 2649.169 
14 161Dy 5/2+ 0 1601.4 1685.133 
15 161Ho 1/2+ 211.1 2316.7 2437.835 
16 161Tm 7/2+ 0 2478 2607.569 
17 163Tm 7/2+ 23.3 2323 2474.83 
18 163Yb 5/2+ 99.1 1922.8 2048.473 
19 163Lu 7/2+ 177.7 2666.7 2840.994 
20 165Tm 7/2+ 80.4 2308.5 2489.559 
21 165Tm 1/2+ 0 2332.1 2515.01 
22 165Yb 7/2+ 132.5 1760.6 1898.686 
23 167Tm 1/2+ 0 2065.5 2254.5 
24 167Yb 5/2+ 29.7 1569.7 1713.333 
25 167Lu 7/2+ 0 2298.7 2509.039 
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Table 3.5 Experimental data of one-quasiparticle excitations (Contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
S.No. Nuclide K 
EK 
( keV) 
E27/2+ 
(keV) 
E=(E*A)/153 
(keV) 
26 167Ta 5/2+ 94.4 2567.3 2802.216 
27 169Lu 7/2+ 0 2080.9 2298.51 
28 169Lu 3/2+ 113.8 2196.5 2426.199 
29 169Hf 7/2+ 28.8 1605.7 1773.616 
30 171Yb 7/2+ 95.3 1722.9 1925.594 
31 171Hf 7/2+ 0 1661.5 1856.971 
32 171Ta 7/2+ 52.1 2108.8 2356.894 
33 171W 11/2+ 182.8 1737.9 1942.359 
34 173W 7/2+ 85.4 1727.6 1953.43 
35 173Re 5/2+ 118.1 2179 2463.837 
36 175Lu 7/2+ 0 2106 2408.824 
37 175Hf 7/2+ 207.5 1836.7 2100.801 
38 175Ta 7/2+ 0 2116.8 2421.176 
39 175Ta 5/2+ 36.4 2405.9 2751.846 
40 175W 7/2+ 235 1876.7 2146.552 
41 175Re 7/2+ 361.9 2432.9 2782.729 
42 175Re 5/2+ 125.3 2305.8 2637.353 
43 175Os 7/2+ 105.7 1708.2 1953.824 
44 177Re 5/2+ 84.7 2383.4 2757.267 
45 177Pt 7/2+ 94.8 1695.8 1961.808 
46 179Ta 7/2+ 0 2330.9 2727.001 
47 179W 9/2+ 308.9 1987.6 2325.362 
48 179Re 5/2+ 0 2519.1 2947.182 
49 179Os 9/2+ 243 1851.8 2166.485 
50 179Pt 11/2+ 355.8 1864.7 2181.577 
51 181W 9/2+ 0 1899.4 2247.003 
52 181Os 11/2+ 218.1 1865.4 2206.78 
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Table 3.6 Experimental data of three-quasiparticle excitations. Here Band#  
                        corresponds to band# of Singh et al. (2006b). 
 
S.No. Band # Nuclide Kpi EK 
( keV) 
E27/2+ 
(keV) 
E=(E*A)/153 
(keV) 
1 1 153Tb 27/2+ 2611.8 2611.8 2611.8 
2 2 153Tb 23/2+ 2613.9 2829.9 2829.9 
3 1 155Tb 27/2+ 2745.2 2745.2 2781.085 
4 1 157Ho 23/2+ 2270.3 2513.5 2579.212 
5 2 157Ho 25/2+ 2367.6 2554.8 2621.592 
6 1 163Er 17/2+ 1214.6 2167.6 2309.273 
7 6 163Er 19/2+ 1982.9 2773.2 2954.455 
8 7 163Er 19/2+ 2120.5 2987.3 3182.548 
9 1 157Tm 27/2+ 2338.6 2338.6 2399.73 
10 2 165Tm 17/2+ 1740.8 2488.3 2683.461 
11 1 159Lu 25/2+ 2357.3 2669.1 2773.77 
12 1 163Lu 21/2+ 2410.8 2681 2856.229 
13 1 165Lu 27/2+ 2544.7 2544.7 2744.28 
14 2 171Lu 13/2+ 1269.3 2247.2 2511.576 
15 4 171Lu 27/2+ 2624.5 2624.5 2933.265 
16 5 177Lu 25/2+ 1325 1606 1857.922 
17 1 169Hf 15/2+ 1734 2840.3 3137.325 
18 1 171Hf 19/2+ 1645.3 2426.1 2711.524 
19 2 173Hf 19/2+ 1699.7 2464 2786.092 
20 1 175Hf 19/2+ 1433.3 2195.3 2510.964 
21 3 179Hf 23/2+ 1405 2044.7 2392.165 
22 4 179Hf 21/2+ 1404.8 2287.9 2676.69 
23 1 177Hf 23/2+ 1315 1888 2184.157 
24 2 173Ta 19/2+ 1635.9 2295.5 2595.565 
25 1 175Ta 17/2+ 1551.7 2402.2 2747.614 
26 3 175Ta 21/2+ 1729.3 2298.4 2628.889 
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Table 3.6 Experimental data of three-quasiparticle excitations. Here Band# 
        corresponds to band# of Singh et al. (2006b) (Contd.) 
S.No. Band # Nuclide Kpi EK 
( keV) 
E27/2+ 
(keV) 
E=(E*A)/153 
(keV) 
27 4 175Ta 23/2+ 1939.4 2315.4 2648.33 
28 5 177Ta 17/2+ 1522.9 2324.2 2688.78 
29 7 177Ta 23/2+ 1698.5 2037.1 2356.645 
30 9 177Ta 25/2+ 2098.2 2324.4 2689.012 
31 2 179Ta 25/2+ 1317.8 1591.6 1862.068 
32 2 181Ta 19/2+ 1402.4 2392.3 2830.10 
33 1 177W 19/2+ 1645.5 2436.3 2818.465 
34 2 177W 21/2+ 2148.8 2821.6 3264.204 
35 3 179W 21/2+ 1631.8 2424.3 2836.273 
36 5 179W 23/2+ 2011.9 2586.1 3025.568 
37 1 169Re 15/2+ 1343.2 2274 2511.804 
38 1 175Re 19/2+ 1793.9 2549.2 2915.752 
39 2 177Re 17/2+ 1567.1 2406.1 2783.52 
40 4 177Re 21/2+ 1825.2 2367.1 2738.41 
41 5 177Re 23/2+ 1959.9 2273.7 2630.35 
42 3 179Re 23/2+ 1771.8 2097.1 2453.46 
43 4 179Re 17/2+ 1813.7 2876.9 3365.785 
44 5 179Re 19/2+ 1826.4 2693.4 3151.102 
45 3 181Re 21/2+ 1857.7 2354.3 2785.152 
46 4 181Re 25/2+ 1881 2135.9 2526.784 
47 3 183Re 25/2+ 1906.7 2211.8 2645.486 
48 7 183Re 19/2+ 2036.9 2971.8 3554.506 
49 2 183Os 23/2+ 2209.4 2753.9 3293.88 
50 1 185Os 19/2+ 1591.2 2678.9 3239.193 
51 1 181Ir 19/2+ 1807 2298.5 2719.141 
52 6 181Ir 23/2+ 2033.9 2381.5 2817.33 
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Table 3.7   Results of 1qp excitations                     Table 3.8 Results of 3qp excitations 
 
 
S P(S) POISS 
0.000000 0.638298 0.704688 
0.700000 0.638298 0.704688 
0.700000 0.425532 0.349938 
1.400000 0.425532 0.349938 
1.400000 0.141976 0.173774 
2.100000 0.151976 0.173774 
2.100000 0.121581 0.086294 
2.800000 0.121581 0.86294 
2.800000 0.091185 0.042852 
3.500000 0.091185 0.042852 
3.500000 0.000000 0.021280 
 
                      
                    
  
                                                                                                S 
                                                                                             
Fig. 3.2 (a, b) Results of statistical analysis for the 3qp and the 1qp excitations. 
S P(S) POISS 
0.000000 0.760870 0.670320 
0.800000 0.760870 0.670320 
0.800000 0.244565 0.301194 
1.600000 0.244565 0.301194 
1.600000 0.081522 0.135335 
2.400000 0.081522 0.135335 
2.400000 0.135870 0.060810 
3.200000 0.135870 0.060810 
3.200000 0.027174 0.027324 
P(
S)
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3.6 CONCLUSIONS 
 
 From first part of this chapter, we conclude that the rule given by equation (3.11) 
works reasonably well in all those cases where the configuration assignments are known and 
there is no significant mixing. This rule is useful for testing the favored signature, 
confirmation of the spin/parity assignment, confirmation of the configuration assignment, 
and prediction of signature inversion in the unobserved part of a band. Violation of this rule 
in tilted rotational bands confirms that signature does not remain a good quantum number 
under tilted rotation for 3qp bands. From the statistical analysis we conclude that, both the 
1qp and the 3qp data sets conform to the Poisson-type energy- level fluctuations, which 
suggest that there is no further breakdown of symmetries or, loss of integrability as we go 
from the 1qp excitations to the 3qp excitations. It also indicates that the three body effects, if 
present at all, must be very small. It would be interesting to extend these studies to 4qp, 5qp 
…etc. excitations and to locate the point where the transition from integrable to chaotic 
behavior occurs. 
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CHAPTER 4 
 
THREE-QUASIPARTICLE PLUS ROTOR MODEL 
FOR THREE-QUASIPARTICLE ROTATIONAL 
BANDS 
 
4.1 INTRODUCTION 
 
In chapter 2, we have presented the experimental data on the three-quasiparticle 
(3qp) bands and pointed out that these bands exhibit a number of interesting features such as 
signature splitting, signature inversion and back-bending/ band- crossing. The most 
remarkable phenomenon pointed out by Jain et al. (1988) is the odd-even staggering in the 
energy levels of p nK− = Ω − Ω bands of odd-odd nuclei bringing into focus the role of the 
higher order Coriolis effects; in contrast, the p nK+ = Ω + Ω bands exhibit almost no odd-
even staggering. The p nK+ = Ω + Ω bands, which originate from high-j neutron-proton 
orbitals, however, do exhibit a large staggering and sometimes a signature inversion also. 
Most of these features observed in the odd-odd nuclei have been explored by Jain et al. 
(1989) in the framework of two-quasiparticle plus rotor model. Goel (1992), pointed out that 
in the case of the even-even nuclei, K+ and K−  bands have varying degree of odd-even 
staggering and  K+  bands which originate from high-j configurations exhibit large odd-even 
staggering than the K
−
 partner band although K is very large. In the case of 3qp bands 
complete and confirmed quadruplet is yet to be observed in any nucleus; the variation of the 
staggering pattern within the members of quadruplet is, therefore, still an open question. We 
know that two types of the 3qp configurations are possible; those having all the three 
particles of same kind (nnn/ppp) and others having combination of two types of particles 
(npp/pnn). The band structure of these two types of configurations will be different from 
each other because of the following reasons: 
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1. In case of the odd-odd nuclei, parallel spin (triplet) state lies lower in 
energy than the antiparallel (singlet) spin state (Gallagher and 
Moszkowski, 1958). But opposite is the situation in the case of even-even 
nuclei, where antiparallel spin (singlet) state lies lower in energy than the 
parallel (triplet) spin state (Gallagher, 1962). 
2. It is an empirical fact that the Gallagher-Moszkowski (GM) splitting 
energy in case of even-even nuclei is 3 to 4 times the GM splitting of 
odd-odd nuclei. 
3. The residual neutron-proton interaction parameters of even-even nuclei 
are entirely different from the residual interaction parameters of odd-odd 
nuclei ( Goel, 1992) 
4. The diagonal odd-even shift, known as Newby shift, for K=0 bands in 
case of even-even nuclei is opposite in sign from that of odd-odd nuclei 
(Goel, 1992). 
 
In the present chapter, we present the detailed formulation of a Three-Quasiparticle 
Plus Axially Symmetric Rotor Model (TQPRM) for the 3qp rotational bands in the odd-A 
nuclei. It is an extension of the two-quasiparticle plus rotor models (Jain et al., 1989; Goel 
and Jain, 1992) for the explanation of high-spin features of the 2qp rotational bands. This 
model is sufficiently general and although we do not present calculations which incorporate 
all the possibilities of the formulation, it is possible to carry out more general calculations 
than the ones presented in this thesis. It is expected that the calculations based on the present 
formulation will improve our understanding of the various features of the 3qp bands. In 
section 4.2, we give a detailed description of the formulation of the TQPRM. We summarize 
the main features in the section 4.3. It is our ultimate aim to use this model presented in this 
chapter to see how far we can go in explaining the various features of the 3qp rotational 
bands in terms of the TQPRM. 
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4.2  THREE-QUASIPARTICLE PLUS ROTOR MODEL 
 
4.2.1  Salient features of The Model 
      
1. The vibrational interaction has been neglected as we have assumed that the core is 
always in its vibrational ground state. Since 3qp states in odd-A nuclei occur above the 
pairing gap, a coupling with the vibrational phonons may always be present (Purry et 
al., 2000). Therefore we must confine our calculations to only those 3qp bands where 
vibrational admixture is very small. 
2. Non-diagonal contributions of the residual nucleon-nucleon interactions and the 
irrotational part are ignored, although it is possible to include them in principle. 
3. The present version of the TQPRM will work for all types (nnn, ppp, npp, pnn) of the 
3qp configurations, because it is the residual interaction which differentiates the 
calculations of these configurations from each other. We use the empirical values of 
the residual interaction in the calculations presented in the chapter 6. 
4. We have focused the present calculations only on those 3qp bands which start out  
       as the 3qp bands at band-head, leaving out those bands which start out as the one-  
       quasiparticle (1qp) bands and develops into the 3qp bands after band-crossing/  
       back-bending. 
 
4.2.2 Methodology of The Model 
                  
The Hamiltonian of the system in the framework of the TQPRM is divided into two 
parts, the intrinsic and the collective, 
int rinsic collectiveH H H= +                                                                           (4.1) 
where the first term int rinsicH  consists of a deformed axially symmetric Hamiltonian avH  
(taken from the Nilsson model (Nilsson, 1955; Nilsson et al., (1969), using 2ε and 4ε  
deformations), the pairing energy, pairH , which is the energy  required to break a 
proton/neutron pair, and the residual neutron-proton interaction,
resH , so that                                
int rinsic av pair resH H H H= + +                                                                  (4.2)                                            
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where pairH  is calculated by using the four point formulae (Bohr and Mottelson, 1969) as 
given below: 
{ }1 ( , 2) 3 ( , 1) 3 ( , ) ( , 1)
4p
B N Z B N Z B N Z B N Z∆ = − − − + − +                    (4.3) 
     { }1 ( , 2) 3 ( , 1) 3 ( , ) ( , 1)
4n
B Z N B Z N B Z N B Z N∆ = − − − + − +                (4.4) 
Here, B  denotes the binding energy of a nucleus having ( , )N Z  neutrons and protons. 
Equations (4.3) and (4.4) are expressions for the pairing energies for the even Z  and the 
even N  nuclei.  Negative of the values obtained from the equations (4.3) and (4.4) can be 
taken as the proton and neutron pairing gap for the odd- Z  and the odd- N  nuclei 
respectively. By using the experimental binding energies (Audi and Wapstra, 1995; Audi et 
al., 2003) in equations (4.3) and (4.4), we can calculate /p n∆ ∆ . 
resH , the residual neutron-proton interactions are calculated by using the empirical model 
for the 3qp states (Jain and Jain 1992) as given below: 
    
(1,2) (1,2),0 (1,2) (1,2),0 (1,2) (1,2)
(2,3) (2,3),0 (2,3) (2,3),0 (2,3) (2,3)
(1,3) (1,3),0 (1,3) (1,3),0 (1,3) (1,3)
1
2
1
2
1
2
split N
res K
split N
K
split N
K
E E E
E E
E E
σ δ δ
σ δ δ
σ δ δ
∑
∑
∑
  
= − − Π +    
  
− − Π +    
  
− − Π    
                      (4.5) 
 where ( , ),0x yδΣ = 1 if the intrinsic spins of the two particles are antiparallel 
                        = 0 if the intrinsic spins of the two particles are parallel. 
              ( , )x yσ  = 1 for like particles 
                        = -1 for unlike particles 
             ( , )x yΠ  = +1 or -1, is the +ve or –ve parity of the ( ),x y  combination 
The second term in the equation (4.1) describes the nuclear collective motion. The collective 
part of the Hamiltonian can be further decomposed into two parts: the rotational part and the 
vibrational part. Thus 
collective rotational vibrationalH H H= +                                                                   (4.6) 
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The vibrational interaction has been neglected as explained in section 4.2.1. Thus from 
equations (4.1) and (4.6) we have: 
int rinsic rotationalH H H= +                                                                               (4.7) 
For an axially symmetric rotor, the 
rotationalH  can be written as: 
o
rotational rot irrot ppc rpcH H H H H= + + +                                                     (4.8) 
          where  
                    
2
2 2
2
o
rot zH I I = − ℑ
h
                                                                                  (4.9) 
 
2
2 2 2 2 2 2
1 1 2 2 3 3( ) ( ) ( )2irrot z z zH j j j j j j = − + − + − ℑ
h
                                          (4.10) 
                  
2
1 2 1 2 2 3 2 3 1 3 1 3( ) ( ) ( )2ppcH j j j j j j j j j j j j+ − − + + − − + + − − + = + + + + + ℑ
h
               (4.11) 
                 [ ]
2
2rpc
H I J I J+ − − += − +ℑ
h
                                                                           (4.12) 
where ℑ is the moment of inertia with respect to the rotation axis. In equations (4.10) and 
(4.11) subscripts 1, 2 and 3 represents particle 1, particle 2 and particle 3 respectively. o
rotH is 
purely rotational contribution, irrotH is the purely intrinsic contribution known as irrotational 
part, ppcH is the contribution from couplings of particles among themselves known as the 
particle-particle coupling term and 
rpcH is the contribution from coupling of particles with 
core known as the rotor-particle coupling term. This term connects the states having 
K values differ by one unit. 
The total angular momentum I R J= + , where R is the angular momentum 
associated with core and 1 2 3J j j j= + +  is the intrinsic angular momentum which is the  
sum of the angular momenta of three particles. The operators 
1 2 3 1 2 3, , ,x y x yI I iI I I I I J J iJ J j j j± ± ± ± ± ±± ± ± ±= ± = + + = ± = + +  are the usual shifting 
operators. 
           The wave functions corresponding to the Hamiltonian given in equation (4.7) can be 
written in the form of the product of Wigner functions IMKD and the intrinsic wave functions 
Kα  as         
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   2
2 1 ( 1) ( )
16
I I K I
MK M K x
IIMK D K D R Kα α pi α
pi
+
−
+  = + −               (4.13) 
    
where index α  characterizes the configuration 1 2 3( )α ρ ρ ρ= of the unpaired particles such 
that 
                     ( )1 1 2 2 3 3avH K Kα ε ρ ε ρ ε ρ α= + +                                (4.14)
  
and 1 1ε ρ , 2 2ε ρ , 3 3ε ρ are the quasiparticle energies of the respective quasiparticle states 1ρ , 
2ρ , and 3ρ . K  is the projection of the intrinsic angular momentum onto the symmetry axis 
such that 3J K K Kα α=  and coincides with the projection of total angular momentum in 
the case of an axially symmetric rotor. xR  is the operator representing the rotation by 
pi about an axis perpendicular to the symmetry axis. The rotational band can be built upon 
each intrinsic state Kα . As a consequence of the symmetry of the average field, the 
projections 1k , 2k  and 3k of the single quasiparticle angular momenta on the symmetry axis 
can couple in either parallel or antiparallel fashion. Thus we get quadruplet with resultant 
K as  
           
                            
1 2 3
1 2 3
1 2 3
1 2 3
K k k k
K k k k
K k k k
K k k k
+++
++−
+−+
−++
= + +
= + −
= − +
= − + +
                                               (4.15)  
                               
These four intrinsic states split up due to the residual interaction among the three nucleons; 
the residual n-p interaction plays a major role in this splitting (Jain and Jain 1992; Jain et al., 
1994b). 
We use the symbols ,σ +++ ,σ ++− ,σ +−+  and σ −++ for the four types of couplings 
1 2 3 ,K k k k= + +  1 2 3 ,K k k k= + −  1 2 3K k k k= − +  and 1 2 3K k k k= − + +  respectively. 
We can now write the intrinsic wave functions Kασ  in terms of the quasiparticle wave 
functions kρ as follows: 
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1 1 2 2 3 3
1 1 2 2 3 3
1 1 2 2 3 3
1 1 2 2 3 3
K k k k
K k k k
K k k k
K k k k
ασ ρ ρ ρ
ασ ρ ρ ρ
ασ ρ ρ ρ
ασ ρ ρ ρ
= + + + =
= + + − = −
= + − + = −
= − + + = −
                           (4.16)  
We also employ the usual approximation wherein the neutron-proton (n-p) residual 
interaction is treated in the first order perturbation theory thus neglecting all the non-
diagonal matrix elements of the n-p residual interaction.  
Separation of the total Hamiltonian into an intrinsic part and a collective part (equation 4.1) 
and representation of the wave function as a product of an intrinsic part and a collective part, 
is based on the assumption that the frequency of collective motion (rotational as well as 
vibrational) is very small as compared to the frequency characterizing the intrinsic (particle) 
motion and therefore does not appreciably perturb the intrinsic motion. This is the adiabatic 
condition or strong coupling approximation which effectively means that collective and 
single particle degree of freedom appears independently.   
 
4.3 CALCULATION OF THE MATRIX ELEMENTS: 
 
The calculation of the matrix elements of various terms given in equations (4.9) to 
(4.12) in the basis function (given by equation (4.13)) are given below: 
 
4.3.1 Matrix elements of the rotational term  
 
 
2
2 2
2
o
rot zIMK H IMK IMK I I IMKα α α α′ ′ ′ ′  = − = ℑ
h
  
               
2
2( 1)
2 K K
I I K α αδ δ′ ′ = + − ℑ
h
                                                              (4.17) 
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4.3.2  Matrix elements of the irrotational term  
 
   
2
2 2 2 2 2 2
1 1 2 2 3 3( ) ( ) ( )2irrot z z zIMK H IMK IMK j j j j j j IMKα α α α′ ′ ′ ′  = − + − + − ℑ
h
  
                                                      
31 2
1 2 3
1 2 3
2 22 22 2 2
1 1 1 2 2 2 3 3 3( 1) ( 1) ( 1)2
jj j
k k k K K
j j j
C j j k C j j k C j j k α αδ δ′ ′
     
= + − + + − + + −       ℑ        
∑ ∑ ∑
h
 
                      (4.18) 
4.3.3 Matrix elements of the Particle- Particle Coupling (PPC)  term  
                                                                                                                          
   
2
1 2 1 2 2 3 2 3
1 3 1 3
( ) ( )
( )2ppc
j j j j j j j j
IMK H IMK IMK IMKj j j jα α α α
+ − − + + − − +
+ − − +
+ + + 
′ ′ ′ ′=  
+ +ℑ   
h
    
 
1
2
2
1 2 1 2 2 3 2 3 1 3 1 3
2 1{ ( 1)
16
( ) ( ) ( ) ( 1) }
2
I I K I
MK M K x
I I K I
MK M K x
I D K D K R
j j j j j j j j j j j j D K D R K
α α
pi
α α+ − − + + − − + + − − +
′+ −
′ ′
−
+
−
+  ′ ′ ′ ′= + − 
  + + + + + + −   ℑ
h
 
    
( )
( )
( )
3 3 3 3
1 1 1 1
2 2 2 2
1 1 1 1 2 2 2 2 1 1 1 1 2 2 2 21 2 1 2
2
2 2 2 3 3 3 3 2 2 2 2 3 3 3 32 3 2 3
1 1 1 1 3 3 3 3 1 1 1 1 3 3 3 31 3 1 3
2
k k
k k
k k
k j k k j k k j k k j k
k j k k j k k j k k j k
k j k k j k k j k k j k
ρ ρ
ρ ρ
ρ ρ
ρ ρ ρ ρ ρ ρ ρ ρ δ δ
ρ ρ ρ ρ ρ ρ ρ δ δ
ρ ρ ρ ρ ρ ρ ρ ρ δ δ
+ − − +
+ − − +
+ − − +
′ ′
′ ′
′ ′
′ ′ ′ ′ ′ ′ ′ ′+
′ ′ ′ ′ ′ ′ ′ ′= + +ℑ
′ ′ ′ ′ ′ ′ ′ ′+ +
h
K Kδ ′
 
 
 
 
 
 
 
                          (4.19) 
[Since 1 1 2 1 2 1 2 1 2( )x xR j j j j R j j j j+ − − + − + + −− + = + , 1 2 3 2 3 2 3 2 3( )x xR j j j j R j j j j+ − − + − + + −− + = + , 
1
1 3 1 3 1 3 1 3( )x xR j j j j R j j j j+ − − + − + + −− + = + )] 
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4.3.4 Matrix elements of the Rotor Particle Coupling (RPC) term  
                                                                                                     
            [ ]
2
2rpc
IMK H IMK IMK I J I J IMKα α α α+ − − +′ ′ ′ ′= − +ℑ
h
 
 
[ ]
2
1
2
2 1{ ( 1)
16 2
( 1) }
I I K I
MK M K x
I I K I
MK M K x
I D K D K R I J I J
D K D R K
α α
pi
α α
′+ −
′ ′− + − − +
+
−
+  ′ ′ ′ ′= + − − +  ℑ
 + − 
h
 
 
( )
( )
( ) ( )( )
1 1 2 2 3 3 1 1 2 2 3 3 , 11 2 3
2
1 1 2 2 3 3 1 1 2 2 3 3 , 11 2 3
1 1 2 2 3 3 1 1 2 2 3 3 , 11 2 3
( )( 1)
( )( 1)
2
1 ( )( 1)
K K
K K
I K
x K K
I K I K k k k j j j k k k
I K I K k k k j j j k k k
I K I K k k k j j j R k k k
ρ ρ ρ ρ ρ ρ δ
ρ ρ ρ ρ ρ ρ δ
ρ ρ ρ ρ ρ ρ δ
− − −
+ + +
+ + +
′ −
′ +
+
′ − +
 ′ ′ ′ ′ ′ ′+ − + + +


′ ′ ′ ′ ′ ′= − + − + + + +ℑ
′ ′ ′ ′ ′ ′+ − + − + + +

h



 
 
 
                                                                                                                                                     
                                            (4.20) 
As 0, 0K K ′> >  the terms corresponding to 
, 1K Kδ ′− +  and , 1K Kδ ′ − −  terms will not     
contribute, hence not given in the above expression. The last term in the above expression 
will contribute only for K= 1
2
. 
 
4.4 MATRIX ELEMENTS FOR THE VARIOUS CASES OF COUPLINGS 
 
 There are 16 different possibilities of coupling of projections 1k , 2k , 3k , and these are: 
            1 2 3 1 2 3( 1) ,A K k k k K k k k′ ′ ′ ′= + + = + +  
( )
1 2 3 1 2 3
1 2 3 1 2 3
1 2 3 1 2 3
( 1) ,
( 2) ,
3 ,
B K k k k K k k k
B K k k k K k k k
B K k k k K k k k
′ ′ ′ ′= + + = + −
′ ′ ′ ′= + + = − +
′ ′ ′ ′= + + = − + +
 
( )
1 2 3 1 2 3
1 2 3 1 2 3
1 2 3 1 2 3
( 1) ,
( 2) ,
3 ,
C K k k k K k k k
C K k k k K k k k
C K k k k K k k k
′ ′ ′ ′= + − = + +
′ ′ ′ ′= − + = + +
′ ′ ′ ′= − + + = + +
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( )
1 2 3 1 2 3
1 2 3 1 2 3
1 2 3 1 2 3
( 1) ,
( 2) ,
3 ,
D K k k k K k k k
D K k k k K k k k
D K k k k K k k k
′ ′ ′ ′= + − = + −
′ ′ ′ ′= + − = − +
′ ′ ′ ′= + − = − + +
 
( )
( )
1 2 3 1 2 3
1 2 3 1 2 3
1 2 3 1 2 3
( 4) ,
5 ,
6 ,
D K k k k K k k k
D K k k k K k k k
D K k k k K k k k
′ ′ ′ ′= − + = + −
′ ′ ′ ′= − + = − +
′ ′ ′ ′= − + = − + +
 
( )
1 2 3 1 2 3
1 2 3 1 2 3
1 2 3 1 2 3
( 7) ,
8 ,
( 9) ,
D K k k k K k k k
D K k k k K k k k
D K k k k K k k k
′ ′ ′ ′= − + + = + −
′ ′ ′ ′= − + + = − +
′ ′ ′ ′= − + + = − + +
 
                  
4.4.1 Contributions of the Particle Particle Coupling terms for various cases of 
couplings 
 
     
2
1 2 1 2( )2K j j j j Kα α+ − − +′ ′  + ℑ
h
= 
            
1 1 2 2
3, 3 3, 3
1 1 2 2
2
1 1 1 1 2 2 2 2 , 1 , 11 2
,
1 1 1 1 2 2 2 2 , 1 , 11 2
{
2
k k k k
K K k k
k k k k
k j k k j k
k j k k j kρ ρ σ σ
ρ ρ ρ ρ δ δ
δ δ δ δ δ
ρ ρ ρ ρ δ δ
+ −
+++ +++
− +
′ ′+ −
′ ′ ′ ′
′ ′− +
′ ′ ′ ′ 
 = +
 ℑ ′ ′ ′ ′+ 
h
 
                                                                                                              
                                           
1 1
2 2
1 1 1 1 2 2 2 2 , 1 1 11 2
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ+ −+++ +−+′ ′ +
′
 
′ ′ ′ ′
− + 
 
 
                      
                                           
2 2
1 1
1 1 1 1 2 2 2 2 , 1 1 11 2
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ− ++++ −++′ ′ +
′
 
′ ′ ′ ′
− + 
 
 
 
                                           
1 1
2 2
1 1 1 1 2 2 2 2 , 1 1 11 2
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ− ++−+ +++′ ′ −
′
 
′ ′ ′ ′
− + 
 
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2 2
1 1
1 1 1 1 2 2 2 2 , 1 1 11 2
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ+ −
−++ +++′ ′ −
′
 
′ ′ ′ ′
− + 
 
 
 
                                         
1 1 2 2
1 1 2 2
1 1 1 1 2 2 2 2 , 1 , 11 2
1 1 1 1 2 2 2 2 , 1 , 11 2
k k k k
k k k k
k j k k j k
k j k k j kσ σ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ −
++− ++−
− +
′ ′+ −
′
′ ′− +
′ ′ ′ ′ 
 −
 ′ ′ ′ ′+ 
 
 
                                      
1 1 2 2
1 1 2 2
1 1 1 1 2 2 2 2 , 1 , 11 2
1 1 1 1 2 2 2 2 , 1 , 11 2
k k k k
k k k k
k j k k j k
k j k k j kσ σ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
+−+ +−+
− −
′ ′+ +
′
′ ′− −
′ ′ ′ ′ 
 +
 ′ ′ ′ ′+ 
 
 
                             
1 1 2 2
1 1 1 1 2 2 2 2 1 1 1 11 2
, , , ,
2 2 2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ δ− ++−+ −++′
′ ′
 
′ ′ ′ ′
− − + 
 
 
 
                             
1 1 2 2
1 1 1 1 2 2 2 2 1 1 1 11 2
, , , ,
2 2 2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ δ+ −
−++ +−+′
′ ′
 
′ ′ ′ ′
− − − 
 
 
                    
                                    
1 1 2 2
1 1 2 2
1 1 1 1 2 2 2 2 , 1 , 11 2
1 1 1 1 2 2 2 2 , 1 , 11 2
}k k k k
k k k k
k j k k j k
k j k k j kσ σ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
− −
−++ −++
+ +
′ ′− −
′
′ ′+ +
′ ′ ′ ′ 
 
 ′ ′ ′ ′+ 
 
 
2
2 3 2 3( )2K j j j j Kα α+ − − + ′ ′ + ℑ
h
= 
            
                   
2 2 3 3
1, 1 1, 1
2 2 3 3
2
2 2 2 2 3 3 3 3 , 1 , 12 3
2 2 2 2 3 3 3 3 , 1 , 12 3
{
2
k k k k
k k K K
k k k k
k j k k j k
k j k k j kρ ρ σ σ
ρ ρ ρ ρ δ δ
δ δ δ δ δ
ρ ρ ρ ρ δ δ
+ −
+++ +++
− +
′ ′+ −
′ ′ ′ ′
′ ′− +
′ ′ ′ ′ 
 +
 ℑ ′ ′ ′ ′+ 
h
 
 
                                      
2 2
3 3
2 2 2 2 3 3 3 3 , 1 1 12 3
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ+ −+++ ++−′ ′ +
′
 
′ ′ ′ ′
− + 
 
 
 
                                    
3 3
2 2
2 2 2 2 3 3 3 3 , 1 1 12 3
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ− ++++ +−+′ ′ +
′
 
′ ′ ′ ′
− + 
 
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2 2
3 3
2 2 2 2 3 3 3 3 , 1 1 12 3
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ− +++− +++′ ′ −
′
 
′ ′ ′ ′
− + 
 
 
 
                                    
3 3
2 2
2 2 2 2 3 3 3 3 , 1 1 12 3
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ+ −+−+ +++′ ′ −
′
 
′ ′ ′ ′
− 
 
- 
 
                                       
2 2 3 3
2 2 3 3
2 2 2 2 3 3 3 3 , 1 , 12 3
2 2 2 2 3 3 3 3 , 1 , 12 3
k k k k
k k k k
k j k k j k
k j k k j kσ σ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
++− ++−
− −
′ ′+ +
′
′ ′− −
′ ′ ′ ′ 
 +
 ′ ′ ′ ′+ 
 
 
                           
2 2 3 3
2 2 2 2 3 3 3 3 1 1 1 12 3
, , , ,
2 2 2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ δ− +++− +−+′
′ ′
 
′ ′ ′ ′
− − + 
 
 
 
                         
2 2 3 3
2 2 2 2 3 3 3 3 1 1 1 12 3
, , , ,
2 2 2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ δ+ −+−+ ++−′
′ ′
 
′ ′ ′ ′
− − − 
 
 
 
                              
2 2 3 3
2 2 3 3
2 2 2 2 3 3 3 3 , 1 , 12 3
2 2 2 2 3 3 3 3 , 1 , 12 3
k k k k
k k k k
k j k k j k
k j k k j kσ σ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
− −
+−+ +−+
+ +
′ ′
− −
′
′ ′+ +
′ ′ ′ ′ 
 +
 ′ ′ ′ ′+ 
 
 
                          
2 2 3 3
2 2 3 3
2 2 2 2 3 3 3 3 , 1 , 12 3
2 2 2 2 3 3 3 3 , 1 , 12 3
}k k k k
k k k k
k j k k j k
k j k k j kσ σ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ −
−++ −++
− +
′ ′+ −
′
′ ′− +
′ ′ ′ ′ 
 
 ′ ′ ′ ′+ 
 
 
2
1 3 1 3( )2K j j j j Kα α+ − − + ′ ′ + ℑ
h
= 
 
          
1 1 3 3
2, 2 2, 2
1 1 3 3
2
1 1 1 1 3 3 3 3 , 1 , 11 3
1 1 1 1 3 3 3 3 , 1 , 11 3
{
2
k k k k
k k K K
k k k k
k j k k j k
k j k k j kρ ρ σ σ
ρ ρ ρ ρ δ δ
δ δ δ δ δ
ρ ρ ρ ρ δ δ
+ −
+++ +++
− +
′ ′+ −
′ ′ ′ ′
′ ′− +
′ ′ ′ ′ 
  +
 ℑ ′ ′ ′ ′+ 
h
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1 1
3 3
1 1 1 1 3 3 3 3 , 1 1 11 3
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ+ −+++ ++−′ ′ +
′
 
′ ′ ′ ′
− + 
 
 
 
                               
3 3
1 1
1 1 1 1 3 3 3 3 , 1 1 11 3
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ− ++++ −++′ ′ +
′
 
′ ′ ′ ′
− + 
 
 
 
                              
1 1
3 3
1 1 1 1 3 3 3 3 , 1 1 11 3
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ− +++− +++′ ′ −
′
 
′ ′ ′ ′
− + 
 
 
 
                             
3 3
1 1
1 1 1 1 3 3 3 3 , 1 1 11 3
, ,
2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ+ −
−++ +++′ ′ −
′
 
′ ′ ′ ′
− − 
 
 
 
                                
1 1 3 3
1 1 3 3
1 1 1 1 3 3 3 3 , 1 , 11 3
1 1 1 1 3 3 3 3 , 1 , 11 3
k k k k
k k k k
k j k k j k
k j k k j kσ σ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
++− ++−
− −
′ ′+ +
′
′ ′− −
′ ′ ′ ′ 
  +
 ′ ′ ′ ′+ 
 
 
                      
1 1 3 3
1 1 1 1 3 3 3 3 1 1 1 11 3
, , , ,
2 2 2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ δ− +++− −++′
′ ′
 
′ ′ ′ ′
− − + 
 
 
 
                                
1 1 3 3
1 1 3 3
1 1 1 1 3 3 3 3 , 1 , 11 3
1 1 1 1 3 3 3 3 , 1 , 11 3
k k k k
k k k k
k j k k j k
k j k k j kσ σ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ −
+−+ +−+
− +
′ ′+ −
′
′ ′− +
′ ′ ′ ′ 
 +
 ′ ′ ′ ′+   
                      
1 1 3 3
1 1 1 1 3 3 3 3 1 1 1 11 3
, , , ,
2 2 2 2
k k k k
k j k k j kσ σδ δ ρ ρ ρ ρ δ δ δ δ+ −
−++ ++−′
′ ′
 
′ ′ ′ ′
− − − 
 
 
 
                                         
1 1 3 3
1 1 3 3
1 1 1 1 3 3 3 3 , 1 , 11 3
1 1 1 1 3 3 3 3 , 1 , 11 3
}k k k k
k k k k
k j k k j k
k j k k j kσ σ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
− −
−++ −++
+ +
′ ′
− −
′
′ ′+ +
′ ′ ′ ′ 
 
 ′ ′ ′ ′+ 
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4.4.2 Contribution of the Rotor-Particle Coupling terms for various cases of 
couplings 
 
     
( )2 1 1 2 2 3 3 1 1 2 2 3 3 , 11 2 3( )( 1)2 K KI K I K k k k j j j k k kρ ρ ρ ρ ρ ρ δ− − − ′ − ′ ′ ′ ′ ′ ′+ − + + + = ℑh  
  
1 1 2 2 3 3 2 2 3 3
2 2 1 1 3 3 1 1 3 3
3 3 1 1 2 2 1 1 2 2
1 1 1 1 , 1 , , , ,12
, 1 2 2 2 2 , 1 , , , ,2
3 3 3 3 , 1 , , , ,3
( )( 1) {
2
k k k k k k
K K k k k k k k
k k k k k k
k j k
I K I K k j k
k j k
ρ ρ ρ ρ
σ σ ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ δ δ δ δ δ
δ δ δ ρ ρ δ δ δ δ δ
ρ ρ δ δ δ δ δ
+
+
+++ +++
+
′ ′ ′ ′ ′+
′ ′ ′ ′ ′ ′ ′
− +
′ ′ ′ ′ ′+
 ′ ′ +
 
′ ′
− + − + + ℑ   ′ ′ 
h
+  
                                                  
1 1 2 2 1 1 223 3
3 3 3 3 1 1 , , , ,3
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ++++ ++−′ ′ ′ ′ ′
′
 
′ ′
− + 
 
 
 
                                                
1 1 3 3 1 1 3 3
2 2
2 2 2 2 1 1 , , , ,2
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ++++ +−+′ ′ ′ ′ ′
′
 
′ ′
− + 
 
 
 
                                               
2 2 3 3 2 2 3 3
1 1
1 1 1 1 1 1 , , , ,1
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ++++ −++′ ′ ′ ′ ′
′
 
′ ′
− + 
 
 
 
                                              
1 1 2 2 3 3 2 2 3 3
2 2 1 1 3 3 1 1 3 3
3 3 1 1 2 2 1 1 2 2
1 1 1 1 , 1 , , , ,1
2 2 2 2 , 1 , , , ,2
3 3 3 3 , 1 , , , ,3
k k k k k k
k k k k k k
k k k k k k
k j k
k j k
k j k
ρ ρ ρ ρ
σ σ ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ δ δ δ δ δ
δ δ ρ ρ δ δ δ δ δ
ρ ρ δ δ δ δ δ
+
+
++− ++−
+
′ ′ ′ ′ ′+
′ ′ ′ ′ ′ ′+
′ ′ ′ ′ ′−
 ′ ′ +
 
′ ′ + + 
  ′ ′− − 
 
 
                                          
1 1 2 2 3 3 2 2 3 3
2 2 1 1 3 3 1 1 3 3
3 3 1 1 2 2 1 1 2 2
1 1 1 1 , 1 , , , ,1
2 2 2 2 , 1 , , , ,2
3 3 3 3 , 1 , , , ,3
k k k k k k
k k k k k k
k k k k k k
k j k
k j k
k j k
ρ ρ ρ ρ
σ σ ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ δ δ δ δ δ
δ δ ρ ρ δ δ δ δ δ
ρ ρ δ δ δ δ δ
+
+
+−+ +−+
+
′ ′ ′ ′ ′+
′ ′ ′ ′ ′ ′
−
′ ′ ′ ′ ′+
 ′ ′ +
 
′ ′
− − + + 
  ′ ′ 
 
 
                                     
1 1 2 2 3 3 2 2 3 3
2 2 1 1 3 3 1 1 3 3
3 3 1 1 2 2 1 1 2 2
1 1 1 1 , 1 , , , ,1
2 2 2 2 , 1 , , , ,2
3 3 3 3 , 1 , , , ,3
}
k k k k k k
k k k k k k
k k k k k k
k j k
k j k
k j k
ρ ρ ρ ρ
σ σ ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ δ δ δ δ δ
δ δ ρ ρ δ δ δ δ δ
ρ ρ δ δ δ δ δ
+
+
−++ −++
+
′ ′ ′ ′ ′
− − +
′ ′ ′ ′ ′ ′+
′ ′ ′ ′ ′+
 ′ ′
− − +
 
′ ′ + 
  ′ ′ 
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   ( )2 1 1 2 2 3 3 1 1 2 2 3 3 , 11 2 3( )( 1)2 K KI K I K k k k j j j k k kρ ρ ρ ρ ρ ρ δ+ + + ′ + ′ ′ ′ ′ ′ ′− + + + + = ℑh  
 
   
1 1 2 2 3 3 2 2 3, 3
2 2 1 1 3 3 1 1 3 3
3 3 1 1 2 2 1 1 2 2
1 1 1 1 , 1 , , ,12
, 1 2 2 2 2 , 1 , , , ,2
3 3 3 3 , 1 , , , ,3
( )( 1) {
2
k k k k k k
K K k k k k k k
k k k k k k
k j k
I K I K k j k
k j k
ρ ρ ρ ρ
σ σ ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ δ δ δ δ δ
δ δ δ ρ ρ δ δ δ δ δ
ρ ρ δ δ δ δ δ
+
+
+++ +++
+
′ ′ ′ ′ ′+
′ ′ ′ ′ ′ ′ ′+ +
′ ′ ′ ′ ′+
′ ′ +
 
′ ′
− − + + + ℑ   ′ ′ 
h
+  
                                                   
1 1 2 2 1 1 2 2
3 3
3 3 3 3 1 1 , , , ,3
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ+++− +++′ ′ ′ ′ ′
′
 
′ ′ − + 
   
                                                  
1 1 3 3 1 1 3 3
2 2
2 2 2 2 1 1 , , , ,2
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ++−+ +++′ ′ ′ ′ ′
′
 
′ ′ − + 
   
                                                  
2 2 3 3 2 2 3 3
1 1
1 1 1 1 1 1 , , , ,1
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ+
−++ +++′ ′ ′ ′ ′
′
 
′ ′ − + 
                                                                                                                                                        
                                                 
1 1 2 2 3 3 2 2 3, 3
2 2 1 1 3 3 1 1 3 3
3 3 1 1 2 2 1 1 2 2
1 1 1 1 , 1 , , ,1
2 2 2 2 , 1 , , , ,2
3 3 3 3 , 1 , , , ,3
k k k k k k
k k k k k k
k k k k k k
k j k
k j k
k j k
ρ ρ ρ ρ
σ σ ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ δ δ δ δ δ
δ δ ρ ρ δ δ δ δ δ
ρ ρ δ δ δ δ δ
+
+
++− ++−
+
′ ′ ′ ′ ′+
′ ′ ′ ′ ′ ′+
′ ′ ′ ′ ′−
′ ′ +
 
′ ′ + + 
  ′ ′− − 
 
 
                                            
1 1 2 2 3 3 2 2 3, 3
2 2 1 1 3 3 1 1 3 3
3 3 1 1 2 2 1 1 2 2
1 1 1 1 , 1 , , ,1
2 2 2 2 , 1 , , , ,2
3 3 3 3 , 1 , , , ,3
k k k k k k
k k k k k k
k k k k k k
k j k
k j k
k j k
ρ ρ ρ ρ
σ σ ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ δ δ δ δ δ
δ δ ρ ρ δ δ δ δ δ
ρ ρ δ δ δ δ δ
+
+
+−+ +−+
+
′ ′ ′ ′ ′+
′ ′ ′ ′ ′ ′
−
′ ′ ′ ′ ′+
′ ′ +
 
′ ′
− − + + 
  ′ ′ 
 
                                           
                                           
1 1 2 2 3 3 2 2 3, 3
2 2 1 1 3 3 1 1 3 3
3 3 1 1 2 2 1 1 2 2
1 1 1 1 , 1 , , ,1
2 2 2 2 , 1 , , , ,2
3 3 3 3 , 1 , , , ,3
}
k k k k k k
k k k k k k
k k k k k k
k j k
k j k
k j k
ρ ρ ρ ρ
σ σ ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ δ δ δ δ δ
δ δ ρ ρ δ δ δ δ δ
ρ ρ δ δ δ δ δ
+
+
−++ −++
+
′ ′ ′ ′ ′−
′ ′ ′ ′ ′ ′+
′ ′ ′ ′ ′+
′ ′ − − +
 
′ ′ + 
  ′ ′ 
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( ) ( )2 1 1 2 2 3 3 1 1 1 2 2 3 3 , 11 2 31 ( )( 1) ( )2 I K K KI K I K k k k j j j R k k kρ ρ ρ ρ ρ ρ δ+ + ++ ′ − + ′ ′ ′ ′ ′ ′− + − + + + = ℑh  
   ( )
2 2 3 3 2 2 3 3
1 1
2 1
2
1 1 1 1 1 1 1 1 , , , ,1
, , , , ,
2 2 2 2
11 {
2 2
I
k k k kK K k k
I k j kσ σ ρ ρ ρ ρδ δ δ δ ρ ρ δ δ δ δ δ δ+++− +−+
+
′ ′ ′ ′ ′
′ ′
  
′ ′
− − + − +  ℑ    
h
 
 
                                                  
1 1 3 3 1 1 3 3
2 2
2 2 2 2 1 1 , , , ,2
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ+++− −++′ ′ ′ ′ ′
′
 
′ ′
− + 
 
 
                                                    
                                                    
2 2 3 3 2 2 3 3
1 1
1 1 1 1 1 1 , , , ,1
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ++−+ ++−′ ′ ′ ′ ′
′
 
′ ′
− + 
 
 
                                                
                                                   
1 1 2 2 1 1 2 2
3 3
3 3 3 3 1 1 , , , ,3
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ++−+ −++′ ′ ′ ′ ′
′
 
′ ′
− + 
 
 
                                              
                                                  
1 1 3 3 1 1 3 3
2 2
2 2 2 2 1 1 , , , ,2
, ,
2 2
k k k kk k
k j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ+
−++ ++−′ ′ ′ ′ ′
′
 
′ ′
− + 
 
 
                                                   
                                                 
1 1 2 2 1 1 2 2
3 3
3 3 3 3 1 1 , , , ,3
, ,
2 2
}k k k kk kk j kσ σ ρ ρ ρ ρδ δ ρ ρ δ δ δ δ δ δ+−++ +−+′ ′ ′ ′ ′′
 
′ ′
− 
 
 
To facilitate the writing of the Hamiltonian matrix, we further define the following 
quantities:    
1 1 2 2 3 3 1 1 2 2 3 3 1 1 2 2 3 32 res irrotE k k k H k k k K H Kα ε ρ ε ρ ε ρ ρ ρ ρ ρ ρ ρ α α+++ = + + + ∆ + + + + + + + +
1 1 2 2 3 3 1 1 2 2 3 3 1 1 2 2 3 32 res irrotE k k k H k k k K H Kα ε ρ ε ρ ε ρ ρ ρ ρ ρ ρ ρ α α++− = + + + ∆ + − − + + + − + + −
1 1 2 2 3 3 1 1 2 2 3 3 1 1 2 2 3 32 res irrotE k k k H k k k K H Kα ε ρ ε ρ ε ρ ρ ρ ρ ρ ρ ρ α α+−+ = + + + ∆ + − − + + − + + − +
1 1 2 2 3 3 1 1 2 2 3 3 1 1 2 2 3 32 res irrotE k k k H k k k K H Kα ε ρ ε ρ ε ρ ρ ρ ρ ρ ρ ρ α α−++ = + + + ∆ + − − + − + + − + +
             (4.21) 
where 2∆ is the pairing energy (equations 4.3 & 4.4) required to break a proton or a neutron 
pair. 
resH is the empirical residual interaction (equation 4.5) and irrotH is the contribution 
from the intrinsic part only (equation 4.10), called the irroational part of the Hamiltonian.  
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Thus by combining equation (4.21) with the contributions from different terms of the PPC 
and the RPC given in sections 4.4.1 and 4.4.2, we can write the total Hamiltonian as: 
( )( )2 212K KH E I I Kσ σ α α ασδ δ δ′ ′ ′
 
= + + − + ℑ 
h
   
                                                                 ( )
1 2
2 1
2
1 1 1 2 1
, , ,
2 2 2
11 {
2 2
I
K k k
I a aσδ δ δ δ++−
+   
− + +  ℑ    
h
+                                                               
                                                                     
                                                                
1 3 2 3
1 1 3 1 2 1 3 1
, , , ,
2 2 2 2
}
k k k k
a a a aσ σδ δ δ δ δ δ+−+ −++
   
+ + + +   
   
    
                  
1 2 3 1 1
2 3
2
,( , , ) 2 3 1 1 ,
, ,
2 2
{( )
2K n n n k nk k
a aσ σδ δ δ δ δ δ++− +−++ℑ
h
+
2 2
1 3
1 3 1 1 ,
, ,
2 2
( ) k nk ka aσ σδ δ δ δ δ++− −+++ +  
 
                                                                                         
3 3
1 2
1 2 1 1 ,
, ,
2 2
( ) }k nk ka aσ σδ δ δ δ δ+−+ −+++  
 
                   
1 1 2 2
3, 3 3, 3
1 1 2 2
2
1 1 1 1 2 2 2 2 , 1 , 11 2
,
1 1 1 1 2 2 2 2 , 1 , 11 2
[ {
2
k k k k
K K k k
k k k k
k j k k j k
k j k k j kσ σ ρ ρ
ρ ρ ρ ρ δ δ
δ δ δ δ δ
ρ ρ ρ ρ δ δ
+ +
+++ +++
+ +
′ ′+ +
′ ′ ′ ′
′ ′+ +
′ ′ ′ ′ 
  +
 ℑ ′ ′ ′ ′+ 
h
 
 
                                                
2 2 3 3
1, 1 1, 1
2 2 3 3
2 2 2 2 3 3 3 3 , 1 , 12 3
2 2 2 2 3 3 3 3 , 1 , 12 3
k k k k
k k
k k k k
k j k k j k
k j k k j k ρ ρ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
+ +
′ ′+ +
′ ′
′ ′+ +
′ ′ ′ ′ 
  +
 ′ ′ ′ ′+ 
 
 
                                                 
1 1 3 3
2, 2 2, 2
1 1 3 3
1 1 1 1 3 3 3 3 , 1 , 11 3
1 1 1 1 3 3 3 3 , 1 , 11 3
}k k k k k k
k k k k
k j k k j k
k j k k j k ρ ρ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
+ +
′ ′+ +
′ ′
′ ′+ +
′ ′ ′ ′ 
  +
 ′ ′ ′ ′+ 
 
 
                               
1 1 2, 2 2, 2
3 3
1 1 1 1 3 3 3 3 , 1 1 11 3
, ,
2 2
{ k k k kk kk j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ+ ++++ ++−′ ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
 
                                          
2 2 1, 1 1, 1
3 3
2 2 2 2 3 3 3 3 , 1 1 12 3
, ,
2 2
}k k k kk kk j k k j k ρ ρρ ρ ρ ρ δ δ δ δ δ+ + ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
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1 1 3, 3 3, 3
2 2
1 1 1 1 2 2 2 2 , 1 1 11 2
, ,
2 2
{ k k k kk kk j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ+ ++++ +−+′ ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
 
                                            
3 3 1, 1 1, 1
2 2
2 2 2 2 3 3 3 3 , 1 1 12 3
, ,
2 2
}k k k kk kk j k k j k ρ ρρ ρ ρ ρ δ δ δ δ δ+ + ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
 
                               
2 2 3, 3 3, 3
1 1
1 1 1 1 2 2 2 2 , 1 1 11 2
, ,
2 2
{ k k k kk kk j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ+ ++++ −++′ ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
 
                                             
3 3 2, 2 2, 2
1 1
1 1 1 1 3 3 3 3 , 1 1 11 3
, ,
2 2
}k k k kk kk j k k j k ρ ρρ ρ ρ ρ δ δ δ δ δ+ + ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
                                                                            
                               
1 1 2, 2 2, 2
3 3
1 1 1 1 3 3 3 3 , 1 1 11 3
, ,
2 2
{ k k k kk kk j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ+ +++− +++′ ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
    
                                            
2 2 1, 1 1, 1
3 3
2 2 2 2 3 3 3 3 , 1 1 12 3
, ,
2 2
}k k k kk kk j k k j k ρ ρρ ρ ρ ρ δ δ δ δ δ+ + ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
 
                               
1 1 3, 3 3, 3
2 2
1 1 1 1 2 2 2 2 , 1 1 11 2
, ,
2 2
{ k k k kk kk j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ+ ++−+ +++′ ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
 
                                            
3 3 1, 1 1, 1
2 2
2 2 2 2 3 3 3 3 , 1 1 12 3
, ,
2 2
}k k k kk kk j k k j k ρ ρρ ρ ρ ρ δ δ δ δ δ+ + ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
 
                               
2 2 3, 3 3, 3
1 1
1 1 1 1 2 2 2 2 , 1 1 11 2
, ,
2 2
{ k k k kk kk j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ+ +−++ +++′ ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
 
                                             
3 3 2, 2 2, 2
1 1
1 1 1 1 3 3 3 3 , 1 1 11 3
, ,
2 2
}k k k kk kk j k k j k ρ ρρ ρ ρ ρ δ δ δ δ δ+ + ′ ′ ′+ ′
 
′ ′ ′ ′
− + 
 
 
                                 
1 1 2 2
3, 3 3, 3
1 1 2 2
1 1 1 1 2 2 2 2 , 1 , 11 2
1 1 1 1 2 2 2 2 , 1 , 11 2
{ k k k k k k
k k k k
k j k k j k
k j k k j kσ σ ρ ρ
ρ ρ ρ ρ δ δ
δ δ δ δ
ρ ρ ρ ρ δ δ
+ +
++− ++−
+ +
′ ′+ +
′ ′ ′
′ ′+ +
′ ′ ′ ′ 
  −
 ′ ′ ′ ′+ 
                          
                                               
2 2 3 3
1, 1 1, 1
2 2 3 3
2 2 2 2 3 3 3 3 , 1 , 12 3
2 2 2 2 3 3 3 3 , 1 , 12 3
k k k k
k k
k k k k
k j k k j k
k j k k j k ρ ρ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
+ +
′ ′+ +
′ ′
′ ′+ +
′ ′ ′ ′ 
  −
 ′ ′ ′ ′+ 
                                
                                                 
1 1 3 3
2, 2 2, 2
1 1 3 3
1 1 1 1 3 3 3 3 , 1 , 11 3
1 1 1 1 3 3 3 3 , 1 , 11 3
}k k k k k k
k k k k
k j k k j k
k j k k j k ρ ρ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
+ +
′ ′+ +
′ ′
′ ′+ +
′ ′ ′ ′ 
  +
 ′ ′ ′ ′+ 
 
                              
1 1 2 2
3, 3 3, 3
1 1 2 2
1 1 1 1 2 2 2 2 , 1 , 11 2
1 1 1 1 2 2 2 2 , 1 , 11 2
{ k k k k k k
k k k k
k j k k j k
k j k k j kσ σ ρ ρ
ρ ρ ρ ρ δ δ
δ δ δ δ
ρ ρ ρ ρ δ δ
+ +
+−+ +−+
+ +
′ ′+ +
′ ′ ′
′ ′+ +
′ ′ ′ ′ 
 − −
 ′ ′ ′ ′+ 
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2 2 3 3
1, 1 1, 1
2 2 3 3
2 2 2 2 3 3 3 3 , 1 , 12 3
2 2 2 2 3 3 3 3 , 1 , 12 3
k k k k
k k
k k k k
k j k k j k
k j k k j k ρ ρ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
+ +
′ ′+ +
′ ′
′ ′+ +
′ ′ ′ ′ 
  +
 ′ ′ ′ ′+ 
 
                                               
1 1 3 3
2, 2 2, 2
1 1 3 3
1 1 1 1 3 3 3 3 , 1 , 11 3
1 1 1 1 3 3 3 3 , 1 , 11 3
}k k k k k k
k k k k
k j k k j k
k j k k j k ρ ρ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
+ +
′ ′+ +
′ ′
′ ′+ +
′ ′ ′ ′ 
  +
 ′ ′ ′ ′+ 
 
                            
1 1 2 2
3, 3 3, 3
1 1 2 2
1 1 1 1 2 2 2 2 , 1 , 11 2
1 1 1 1 2 2 2 2 , 1 , 11 2
{ k k k k k k
k k k k
k j k k j k
k j k k j kσ σ ρ ρ
ρ ρ ρ ρ δ δ
δ δ δ δ
ρ ρ ρ ρ δ δ
+ +
−++ −++
+ +
′ ′+ +
′ ′ ′
′ ′+ +
′ ′ ′ ′ 
 − +
 ′ ′ ′ ′+ 
 
                                             
2 2 3 3
1, 1 1, 1
2 2 3 3
2 2 2 2 3 3 3 3 , 1 , 12 3
2 2 2 2 3 3 3 3 , 1 , 12 3
k k k k
k k
k k k k
k j k k j k
k j k k j k ρ ρ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
+ +
′ ′+ +
′ ′
′ ′+ +
′ ′ ′ ′ 
  −
 ′ ′ ′ ′+ 
 
                                               
1 1 3 3
2, 2 2, 2
1 1 3 3
1 1 1 1 3 3 3 3 , 1 , 11 3
1 1 1 1 3 3 3 3 , 1 , 11 3
}k k k k k k
k k k k
k j k k j k
k j k k j k ρ ρ
ρ ρ ρ ρ δ δ
δ δ
ρ ρ ρ ρ δ δ
+ +
+ +
′ ′+ +
′ ′
′ ′+ +
′ ′ ′ ′ 
  +
 ′ ′ ′ ′+ 
 
                     
3, 3 3, 3
1 1 2 2
1 1 1 1 2 2 2 2 1 1 1 11 2
, , , ,
2 2 2 2
k kk k k k
k j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ δ+ ++−+ −++′ ′ ′
′ ′
 
′ ′ ′ ′
− − + 
 
 
                    
3, 3 3, 3
1 1 2 2
1 1 1 1 2 2 2 2 1 1 1 11 2
, , , ,
2 2 2 2
k kk k k k
k j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ δ+ +
−++ +−+′ ′ ′
′ ′
 
′ ′ ′ ′
− − + 
 
 
                     
2, 2 2, 2
1 1 3 3
1 1 1 1 3 3 3 3 1 1 1 11 3
, , , ,
2 2 2 2
k kk k k k
k j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ δ+ +++− −++′ ′ ′
′ ′
 
′ ′ ′ ′
− − + 
 
               
                     
2, 2 2, 2
1 1 3 3
1 1 1 1 3 3 3 3 1 1 1 11 3
, , , ,
2 2 2 2
k kk k k k
k j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ δ+ +
−++ ++−′ ′ ′
′ ′
 
′ ′ ′ ′
− − + 
 
 
                  
1, 1 1, 1
2 2 3 3
2 2 2 2 3 3 3 3 1 1 1 12 3
, , , ,
2 2 2 2
k kk k k k
k j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ δ+ +++− +−+′ ′ ′
′ ′
 
′ ′ ′ ′
− − + 
 
 
                  
1, 1 1, 1
2 2 3 3
2 2 2 2 3 3 3 3 1 1 1 12 3
, , , ,
2 2 2 2
k kk k k k
k j k k j kσ σ ρ ρδ δ ρ ρ ρ ρ δ δ δ δ δ δ+ ++−+ ++−′ ′ ′
′ ′
 
′ ′ ′ ′
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where       1 1 1 1 11a k j kρ ρ+= − , 2 2 2 2 22a k j kρ ρ+= − , 3 3 3 3 33a k j kρ ρ+= −  
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4.5     CONCLUSIONS 
 
It has been observed that the odd-even staggering in the 2qp bands is basically due to 
the higher order Coriolis effects. We expect the higher order Coriolis effects to play an 
important role in the 3qp bands also. However, no such quantitative calculations were 
available in literature. In this chapter, we have presented a detailed formulation of the 
TQPRM for the 3qp rotational bands which is quite general in nature. This model with some 
limitations has been used in chapter 6 to study the behaviour of 3qp rotational bands in odd-
A nuclei. 
 
 
 
 
 
 145
CHAPTER 5 
EMPIRICAL RESIDUAL INTERACTIONS AND 
BAND-HEAD ENERGIES FOR THREE- 
QUASIPARTICLE ROTATIONAL BANDS 
 
5.1 INTRODUCTION 
 
In a deformed nucleus, coupling of three-quasiparticles in Nilsson states having K 
values, say, K1, K2 and K3, leads to a quadruplet with resultant K=K1 ± K2 ± K3. These 
four intrinsic states split up due to the residual neutron-proton (n-p) interaction among the 
three nucleons (Jain and Jain 1992; Jain et al., 1994a). In chapter 2, we have presented the 
experimental data on the three-quasiparticle (3qp) rotational bands and pointed out that a 
complete and confirmed quadruplet of 3qp states is yet to be observed in any nucleus. In this 
chapter we present the calculations for the band-head energies of the 3qp rotational bands by 
using empirical residual interactions (Jain and Jain 1992; Jain et al., 1994a; Jain et al., 
1995). The principal motivation behind these calculations is the resolution of problem of 
ordering of 3qp band-heads in a given quadruplet. Jain and Jain (1992) proposed two strong 
rules for the (npp) or (nnp) configuration and one strong rule for the highest-lying member 
of a (nnn) or (ppp) configuration. Jain et al. (1994b) further proposed a weak rule for the 
lowest-lying member of a nnp or npp multiplet. In this chapter, we further refine these rules 
for fixing the order of all the four members of a given 3qp configuration of the type nnp/ 
ppn and ppp/ nnn. The calculations presented in this chapter do not aim to reproduce the 
exact values of the band-head energies; they rather attempt to provide an answer to the 
ordering of all the four members of a 3qp quadruplet. 
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5.2 THE MODEL 
 
Jain and Jain (1992) proposed an empirical model for the 3qp states without 
incorporating contributions from the interaction of valence particles among themselves and 
their interactions with the core. We have incorporated these interactions in the earlier 
version of the model by Jain and Jain (1992). We have also included the irrotational 
contributions from all the three valence particles in our model. This contribution was also 
neglected in the earlier version of the model by Jain and Jain (1992). Thus, the present 
model is a more complete empirical model as all the possible contributions to the band-head 
energies have been included in the present version. 
The model is based on the following assumptions: 
 
(a) The excitation energy of an unperturbed rotational band based on one quasiparticle 
state is given by: 
                         
12 ( )2 2
1
,
2
1( )[ ( 1) ( 1) ( )]
2 2
I
I qp K
E E I I K a Iδ += + + − + − +ℑ
h
       (5.1) 
where 
2
2ℑ
h
 is the inertia parameter and a is the decoupling parameter. Thus the 
excitation energy of the band-head of a given 3qp configuration is given by the sum 
of the excitation energies of the three one-quasiparticle bands. 
(b) The effective moment of inertia for the 3qp states can be expressed as:  
                          
2
3
( 1)
2 2qp
E I I
I
γ → −ℑ = =ℑ
h
                                                   (5.2) 
or alternatively as 
                          3 (1) (2) (3)qp even even−ℑ = ℑ + ℑ + ℑ − ℑ                                         (5.3) 
 
where (1),ℑ (2),ℑ (3),ℑ are odd nucleon moments of inertia and even even−ℑ is the moment 
of inertia for the even-even core.  
(c) The contribution from the residual interactions can be taken as a sum of the neutron-
proton/proton-proton/neutron-neutron interaction energies from the two-quasiparticle 
(2qp) states in the neighboring nuclei. The interaction energy gives the splitting 
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between the triplet (intrinsic spins are coupled parallel) and the singlet (intrinsic 
spins are coupled anti-parallel) members of a 2qp doublet. Thus this interaction 
energy can be expressed in terms of the Gallaghher-Moszkowski (GM) splitting 
energy and the Newby shift. 
(d) The diagonal contributions from the Coriolis interaction of the valence particles with 
the core and the interaction among themselves have also been included in the present 
version of the model. 
  Based on these assumptions, the excitation energies of the members of a 3qp 
quadruplet can be expressed as the sum of the energy required to break a nucleon pair, the 
sum of the three odd- nucleon excitations, the rotational energy, sum of irrotational 
contributions of the three nucleons, the residual interaction between the unpaired nucleons, 
interaction of the valence particles with the core ( rotor-particle coupling) and the interaction 
of the three valence particles among themselves (particle-particle coupling) i.e. 
. . .
( ) pairing qp rot irrot resi rpc ppcE K E E E E E E E= + + + + + +                         (5.4) 
An explanation and the expressions for the various terms appearing in the equation (5.4) are 
given below: 
pairingE is the pairing energy and is calculated by using the four point formulae as given 
below: 
{ }1 ( , 2) 3 ( , 1) 3 ( , ) ( , 1)
4p
B N Z B N Z B N Z B N Z∆ = − − − + − +            (5.5)  
{ }1 ( , 2) 3 ( , 1) 3 ( , ) ( , 1)
4n
B Z N B Z N B Z N B Z N∆ = − − − + − +            (5.6)  
 
Here, B  denotes the binding energy of a nucleus having ( , )N Z  neutrons and protons. 
Equations (5.5) and (5.6) are expressions for the pairing energies for even Z  and even N  
nuclei.  Negative of the values obtained from the equations (5.5) and (5.6) can be taken as 
the proton and neutron pairing gap for odd- Z  and odd- N  nuclei respectively. By using the 
experimental binding energies (Audi and Wapstra, 1995; Audi et al., 2003) in equations 
(5.5) and (5.6), we can calculate p∆ or n∆ . 
qpE is the total quasiparticle energy which is given by the sum of the three one- quasiparticle 
energies and is given by   
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3
1
qp i
i
E E
=
= ∑ .                                                                                                 (5.7) 
rotE  is the rotational energy and is given by the following expression: 
2
2( ( 1) )
2rot
E I I K= + −ℑ
h
                                                                             (5.8) 
irrotE  is the irrotational energy which is purely the contribution of the three odd particles and 
is given by: 
1 2
1 2
1 2
3
3
3
2 22 2
1 1 1 2 2 22
2 2
3 3 3
( 1) ( 1)
2
( 1)
j j
k k
j j
irrot
j
k
j
C j j k C j j k
E
C j j k
    
+ − + + −    
    
=  ℑ   + + −   
  
∑ ∑
∑
h
                 (5.9)                                                                                                                
 
Here, 1
1
2j
kC are the Nilsson coefficients obtained from the Nilsson model calculations (Jain 
et al., 1990) by using the deformation parameters from Moller et al. (1995). 
resE  is the energy of the residual interactions and is written as 
 
(1,2) (1,2),0 (1,2) (1,2),0 (1,2) (1,2)
(2,3) (2,3),0 (2,3) (2,3),0 (2,3) (2,3)
(1,3) (1,3),0 (1,3) (1,3),0 (1,3) (1,3)
1
2
1
2
1
2
split N
res K
split N
K
split N
K
E E E
E E
E E
σ δ δ
σ δ δ
σ δ δ
∑
∑
∑
  
= − − Π +    
  
− − Π +    
  
− − Π    
               (5.10)                                                                                                                                       
          where ( , ),0x yδΣ = 1 if intrinsic spins of two particles are antiparallel 
                                  = 0 if intrinsic spins of two particles are parallel. 
                        ( , )x yσ  =  1 for like particles 
                                  = -1 for unlike particles 
                       ( , )x yΠ  = +1 or -1 for positive or negative parity of ( ),x y  combination. 
Also ( , ) ( , 1, 2,3; )spliti jE i j i j= ≠  is the GM splitting energy (Gallagher and Moszkowski, 
1958; Gallagher, 1962) between the triplet and the singlet states of a 2qp combination, and 
( , )
N
i jE is the odd-even (Newby) shift (Newby Jr., 1962).  The GM splitting energies are 
extracted from the available experimental band-head excitation energies for the states 
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i jq q
K> = Ω + Ω  and i jq qK< = Ω − Ω  in deformed even-even and odd-odd nuclei. The rotor-
particle coupling term also gives a diagonal contribution to the band-head energy, which is 
given by 
( )
1
2 1
2
1 1 1 1 1 11
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2 2
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2 2
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The contribution of the particle-particle coupling term is given by, 
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Since the ordering of the 3qp multiplets mainly depends on the residual interactions and 
interactions of valence particles with core and among themselves (see equation 5.4), a 
special care must be exercised  while extracting the empirical GM splitting energies 
especially in like particle couplings. In case of like particle couplings, band mixing effects 
are quite significant. In general, this mixing depends both on the initial separation and on the 
matrix element. A large spacing reduces the effect of a given mixing matrix element. 
Conversely, even a small matrix element may induce large mixing if the unperturbed states 
are close in energy. Therefore, it is important to know the position of the unperturbed bands 
from the experimental data on 2qp configurations in order to calculate the spin splitting of a 
doublet. For example in 176Hf, the two 6+ bands having configurations { 5 7[512] [514]
2 2ν ν
⊗ } 
and { 5 7[402] [404]
2 2pi pi
⊗ } are highly mixed (Khoo et al., 1972). Thus GM energy is given 
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by GM unp unpE E E> <= −  where the unperturbed excitation energies 
unpE are given by 
unp BH rot corE E E E= − − where rotE is the rotational energy, and corE is the energy shift due to 
the diagonal Coriolis interaction. 
We have extracted the GM splitting energies by adopting the procedure used by Kondev 
(1996) and is given below: 
 
(a) Coriolis correction to the band-head energy: 
Since the 2qp configurations containing 13/ 2i neutron and/ or 9 / 2h proton have large 
Coriolis effect, it is reasonable to extract corrected band-head energies for the 2qp 
doublets and and hence the correct magnitude of the GM splitting energies. In order 
to estimate the corrected GM splitting energies we have used the 2qp plus rotor 
calculations given by Jain et al. (1989), Goel and Jain (1992). 
(b) Two state mixing calculations:  
In case of like particle couplings (i.e. pipi  and νν  ), the band mixing effects are quite 
significant. Therefore, it is important to know the position of unperturbed bands from 
the experimental data on 2qp configurations in order to calculate the correct 
magnitude of GM splitting energies. If 1E  and 2E  are the unperturbed energies of 
two states mixed by an interaction potentialV , then the perturbed energies are given 
by: 
2 2
, 1 2 2 1
1 ( ) ( ) 4
2I II
E E E E E V= + ± − +  
where plus sign holds for IIE  and minus sign for IE . 
We have used the two state mixing calculations where data exist for extraction of 
correct magnitude of splitting energies. 
(d) We have used an average of values if more than one source is available for          the 
splitting energies. 
(e) In very few cases where experimental data for splitting energies are not available, we 
have used the empirical fact that the GM splitting energies are generally of the order 
of 400-500 keV for even-even nuclei and less than 100 keV for odd-odd nuclei. 
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In the present calculations, the sign of Newby shift is estimated from the rule 
applicable to odd-odd nuclei (Sood and Ray, 1986) and the information that the Newby shift 
in even-even nuclei must reverse its sign under similar conditions (Goel and Jain, 1992). 
Since quasiparticle and pairing energies are the constant contributions for a given 3qp 
configuration, so they will not affect the ordering of a given 3qp quadruplet which is the 
main objective of the present chapter. Estimates of pairing energies may be obtained by 
using Bardeen, Cooper, and Schrieffer (BCS) or Blocked BCS (BBCS) (Jain et al., 1995) or 
Lipkin Nogami (LN) method which is not discussed in this thesis. Also for a comparison of 
the theoretical and the experimental band-head energies, corrected quasiparticle energies 
should be used in case of Coriolis mixed orbital.  
 
5.3 GENERALIZED RULES FOR FIXING THE ODERING OF THE THREE-
QUASIPARTICLE  QUADRUPLET 
 
5.3.1. Rules for pnn and npp configurations 
 
  Jain and Jain (1992) proposed for the first time two strong rules for ppn and 
nnp systems, according to which the state having all the spins in same direction ( )↑↑⇑  can 
not be lowest in energy and the state having spins of like particles parallel while that of 
unlike antiparallel ( )↑↑⇓  will be highest in energy. Here ↑↑ denotes the spins of like 
particles and ⇑ or ⇓ denotes the spin of unlike particle. It is the contribution 
(addition/subtraction) of GM splitting energies of 2qp doublets which is responsible for the 
splitting of all the four members of a 3qp quadruplet. The  GM rules provide that the  
parallel spin (triplet TK  ) state lies lower in energy than the antiparallel spin ( singlet SK ) 
state in case of odd-odd nuclei ( Gallagher and Moszkowski, 1958), and parallel spin (triplet 
TK  ) state lies higher in energy than the antiparallel spin (singlet SK ) state in case of even-
even nuclei (Gallagher, 1962). Jain and Jain (1992) considered the GM rules and generalized 
them for the 3qp states. We note an additional empirical fact that the splitting energy in the 
doubly odd 2qp doublet is of the order of 100 keV while it is of the order of 400 keV in 
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doubly even 2qp doublet. On the basis of this empirical fact and the GM rules, we propose 
the following rules for the ordering of a 3qp quadruplet in case of npp and nnp systems. 
 
(a) State having spins of like particles parallel ( )↑↑  and that of unlike particle anti 
parallel ( )⇓  will be highest in energy. 
(b) State having all the spins in same direction ( )↑↑⇑ will be next to the highest state. 
(c) State having antiparallel coupling ( )↑↓  of the like particles and parallel 
coupling ( )⇑↑  of the unlike particles having larger of the two GM splitting energies, 
will be lowest in energy. 
(d) State having antiparallel coupling ( )↑↓  of the like particles and anti-parallel 
coupling ( )⇑↓  of the unlike particles having larger of the two GM splitting energies, 
will be at the 2nd position. 
 
It may be pointed out that the rule (a) is a strong rule while deviations from the rule 
(b) may sometimes be observed as discussed in the results and discussion. The rules (c) and 
(d) are, however, dependent on the information of the GM splitting energies. It should be 
noted that if input data of GM splitting energies is in accordance with the empirical fact 
(splitting energies in even-even nuclei are 4 to 5 times greater than that of odd-odd nuclei) 
then various contributions such as rotational, Newby shift, core particle and particle-particle 
interactions can not disturb this ordering.  
 
5.3.2. Rules for ppp and nnn configurations 
 
Jain and Jain (1992) also proposed one strong rule for ppp and nnn configurations. 
According to this rule, the state having all the spins ↑↑↑  in same direction will be highest in 
energy. But if we consider the GM rules along with the magnitude of GM splitting energies 
for all the three 2qp doublets taking part in a given 3qp configuration, the ordering of all the 
four members of given 3qp quadruplet may be fixed as follows: 
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(a) State having all the spins in same direction ( )↑↑↑  will be highest in energy. 
(b)  State having parallel coupling ( )↑↑  of 2qp doublet with the highest GM splitting 
energy will be at the 3rd position. 
(c) State having anti-parallel coupling ( )↑↓  of  2qp pair with highest GM splitting 
energy and parallel coupling ( )↑↑  of 2qp pair  with lowest GM splitting energy, will 
be lowest in energy. 
(d) State having anti-parallel coupling ( )↑↓ of 2qp pair with highest GM splitting 
energy and anti-parallel coupling ( )↑↓ of 2qp pair with lowest GM splitting energy 
will be at the 2nd position. 
 
Of course, the rules (b), (c) and (d) assume a prior knowledge of the empirical GM splitting 
energies. 
 
5.4 RESULTS AND DISCUSSION 
 
 The input to band-head energy calculations is the data from the neighboring odd-A, 
odd-odd, and even-even nuclei. The validity of the above rules has been tested for 15 
configurations (of the type nnp/ppn) in 8 nuclei and for 8 configurations (of the type 
nnn/ppp) in 7 nuclei. In our compilation (Singh et al., 2006b) we have pointed out that 
complete and confirmed quadruplet for any nuclide is yet to be observed. The reason behind 
non-observation of all the four members of a given 3qp configuration appears to be largely 
due to the experimental techniques. Because of a focus on the heavy-ion reactions which 
tend to populate the yrast or near yrast states, there is a preferential feeding of the high-spin 
levels. So high-K members of a 3qp quadruplet are populated in such reactions whereas low-
K members remain missing. But high-spin members of low-K structures also get populated 
as is evidenced by the observation of many rotational bands based on low-K intrinsic states. 
On the other hand decay study populates only the low-K members of a given 3qp 
quadruplet. Thus complete and confirmed quadruplet for any 3qp configuration has not been 
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observed in any nuclide. In Tables 5.1(a-c) and 5.1(d), we have presented the GM splitting 
energies and Newby shift values used in the band-head energy calculations. In Table 5.2 and 
5.3, we have presented the band head energy calculations for the 15 configurations of the 
form npp/pnn and 8 configurations of the form nnn/ppp, respectively. A discussion of the 
validity of the rules for different nuclides is given below: 
 
5.4.1 npp and pnn configurations: 
 
Out of the 15 cases listed in Table 5.2, 12 immediately conform to the rules (a) and 
(b) specified in the section 5.3.1. The second rule, which requires that the state having all the 
spins in the same direction ( ( )⇑↑↑  should be second highest in energy, appears to be 
violated in three cases belonging to 175Lu and 177Lu  (configuration number 5, 10 and 15 in 
Table 5.2). This is because of a very low value of the GM splitting energy for the like 
particles which is 186 keV in first two cases and may be due to a Coriolis mixing in the 3rd 
case. Actually there are only two cases of violation out of the 15 because a like particle GM 
pair taking part in configuration# 10 and 15 (Table 5.2) is same. It should be noted that the 
configuration 9/2[514]pi⊗7/2[514] ν ⊗9/2[624] ν   in 177Lu ( configuration# 15 in Table 5.2)  
is the only case where three members of a quadruplet are confirmed experimentally and 4th 
one is a 7/2- state, which has a tentative assignment (Singh et al., 2006b) at 1241.5 keV. The 
ordering of the lowest three members is not in accordance with our rules. From the observed 
energy spacing among these members, it is clear that band-heads (11/2+, 7/2+) and (25/2+, 
7/2+) are very close in energy having a separation of  only about 10 keV, which is even less 
than the separation introduced by rotational contribution. This suppression in levels may be 
due to the Coriolis mixing. It should be noted that rule (b) also supports the earlier 
calculations by Jain et al. (1994a). 
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5.4.2 nnn and ppp configurations 
 
The results of band-head energy calculations for the configurations of the form 
nnn/ppp are presented in Table 5.3. In these cases, only one member of a given 3qp 
quadruplet is observed experimentally so comparison with experimental band-head energies 
is not possible. It should be noted that due to the empirical fact, (the splitting energy in the 
doubly odd 2qp doublet is of the order of 100 keV while it is of the order of 400 keV in 
doubly even 2qp doublet) which is applicable in the case of configurations of the type 
nnp/ppn only, we have considerable splitting among 3qp quadruplet so that rotational energy 
will not play any major role. That is, it is not necessary that the state having highest K value 
(and hence maximum rotational energy contribution) will be at the 2nd highest position. But 
opposite is the situation in the case of configurations of the type nnn/ppp where rotational 
energy is playing an important role for pushing the state having the highest K value (and 
hence maximum rotational energy) at 2nd highest position as shown in Table 5.3.  
   Table 5.1 (a) GM splitting energies for proton-neutron 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1/2[411]pi        7/2[523] pi         9/2[514] pi       7/2[404] pi      5/2[402] pi 
5/2[523]ν 
 
9/2[624]ν 
 
7/2[514]ν 
 
1/2[510]ν 
 
5/2[512]ν 
 
1/2[521]ν 
  
7/2[633]ν 
 
11/2[615]ν 
 
53                       146     
 
                                                       142                  129              207 
 
120                                                 100                  255 
 
113                                                                         101              110    
 
                                                       168                  112 
 
                                                        171                   77 
 
                                                        129                  126     
    
                                                                                                      249 
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  Table 5.1 (b) GM splitting energies for neutron-neutron 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.1(c) GM splitting energies for proton-proton  
 
           
 
 
 
 
 
 
      Table 5.1(d) Newby shift for neutron-neutron and proton-neutron 
 
 
7/2[514]ν    9/2[624] ν    1/2[510] ν     7/2[633]ν 
         
7/2[404]pi 
 
9/2[514]pi 
 
1/2[411]pi 
 
7/2[514]ν           
   -69                                                     -40 
 
                         -2 
 
                                                 1 
 
                                                                 -96 
 
         
 
7/2[514]ν   5/2[512]ν   7/2[633]ν   1/2[521]ν    9/2[624]ν   11/2[615]ν 
9/2[624]ν 
 
5/2[512]ν 
 
7/2[633]ν 
 
1/2[521]ν 
 
7/2[503]ν 
 
3/2[512]ν 
  
1/2[510]ν 
 
7/2[514]ν 
 
186             343                400            255                              400 
 
256                                   386            306 
 
136                                                     428 
 
295              300               428                            321              321 
 
217                                                     300          368              368 
 
                                                                           321              321 
 
376                                                                     300              300 
 
                                          136           295          186              186 
 
 
7/2[404]pi       7/2[523]pi       9/2[514]pi     9/2[624]pi  
1/2[411]pi 
 
5/2[402]pi 
 
7/2[404]pi 
 
        
                         345.6              400 
 
424                                         399 
 
                                               239                 400 
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Table 5.2 Band-head energy calculations for the 3qp bands having configurations of 
                the type nnp/npp 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            Configuration Kpi        Ecal.           Eexpt.         Spin.     
 
163Er 
 
1.    5/2[523]ν⊗1/2[411]pi ⊗7/2[523] pi    
 
 
 
175Yb 
 
2.     7/2[514]ν⊗1/2[411] pi ⊗9/2[514] pi    
 
 
 
 
3.     5/2[523]ν⊗1/2[411]pi ⊗7/2[523] pi    
 
 
 
171Lu 
 
4.     7/2[404]pi⊗7/2[633] ν ⊗1/2[521] ν    
 
 
 
175Lu 
 
5.     7/2[404]pi⊗7/2[514] ν ⊗5/2[512] ν    
 
 
 
 
6.    7/2[404]pi⊗7/2[514] ν ⊗1/2[521] ν    
 
 
 
177Lu 
 
7.   7/2[404]pi⊗7/2[514] ν ⊗1/2[510] ν    
 
11/2+      1385.16                       ⇓↑↑  
1/2+     
    
1164.98                       ⇓↓↓  
13/2+       990.14                        ⇓↓↑  
3/2+         879.24   1538.8          ⇑↓↑  
 
15/2+      1558.24                       ⇓↑↑     
1/2+        1250.69    1891.8        ⇓↓↓   
17/2+   
 
  1049.18                       ⇓↓↑            
3/2+          992.60    1497.3        ⇑↓↑  
 
11/2+     2240.94                        ⇓↑↑  
1/2+   
 
   1968.50     2114.1        ⇓↓↓  
13/2+    1854.56                         ⇓↓↑  
3/2+      1740.46     1793.4         ⇑↓↑  
 
17/2-    1234.50                          ⇑↓↓     
1/2-       998.18                           ⇓↓↓   
15/2-  
 
   721.22     1240.9          ⇑↓↑  
3/2-        582.54                          ⇑↑↓  
 
5/2+      1525.62                         ⇓↑↑     
5/2+   
 
   1157.62                        ⇑↓↑  
9/2+      1108.50     1511            ⇓↓↓  
19/2+    1011.70    1391             ⇓↓↑  
 
1/2+      1732.42                         ⇑↓↓  
15/2+    1398.20    1732             ⇓↓↓  
1/2+   
 
  1352.42                         ⇓↑↓  
13/2+   1170.66     1590             ⇓↓↑  
 
1/2+      1472.96                         ⇓↑↑  
13/2+    1107.79    1502.6          ⇓↓↓  
1/2+   
     
  995.96                         ⇑↓↑  
15/2+       842.02   1356.5          ⇓↓↑  
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Table 5.2 Band-head energy calculations for the 3qp bands having configurations of 
     the type nnp/npp (Contd.) 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              
 
            Configuration Kpi        Ecal.           Eexpt.         Spin.     
 
177Lu 
 
8.     7/2[404]pi⊗7/2[514] ν ⊗1/2[521] ν    
 
 
 
 
9.    1/2[411]pi⊗7/2[514] ν ⊗1/2[510] ν    
 
 
 
 
 
10.    7/2[404]pi⊗7/2[514] ν ⊗9/2[624] ν    
 
 
 
177Ta 
 
11.  9/2[514]pi⊗7/2[514] ν ⊗1/2[521] ν    
 
 
 
177Re 
 
12.    9/2[514]pi⊗5/2[512] ν ⊗7/2[633] ν    
 
 
183Re 
 
13.   5/2[402]pi⊗9/2[624] ν ⊗11/2[615] ν    
 
 
 
 
14.     5/2[402]pi⊗9/2[624] ν ⊗1/2[510] ν    
 
 
1/2+      1740.38                         ⇑↓↓  
15/2+    1418.62    1632.8          ⇓↓↓  
1/2+   
    
1368.38                         ⇓↑↓  
13/2+    1190.44   1453.9           ⇓↓↑  
 
5/2+      1939.39                         ⇓↑↑  
7/2+      1717.32                         ⇓↓↓  
9/2+    
   
1463.25    1717.5          ⇓↓↑      
7/2+      1461.32    1617.0          ⇑↓↑     
 
9/2-      1131.50                          ⇓↑↑  
9/2-       816.50       1049            ⇑↓↑  
23/2-     
 
676.31       970             ⇓↓↑    
5/2-       662.84                           ⇓↓↓                  
 
17/2-    1519.68     1475.9          ⇑↓↓  
1/2-      1167.51                          ⇓↓↓  
3/2-    
   
1060.28     1253.3          ⇑↑↓  
15/2-    1044.48                          ⇑↓↑   
  
3/2+     1928.34                          ⇑↓↓  
21/2+   1690.29                          ⇑↑↑  
11/2+   1439.54                          ⇑↓↑  
7/2+     1387.44                          ⇑↑↓  
 
15/2+    1902.66                         ⇓↑↑  
25/2+    1503.16    1906.7          ⇑↑↑  
3/2+   
 
  1227.86                         ⇑↑↓  
7/2+     1208.46                          ⇑↓↑  
 
5/2-    1662.47   1628.3              ⇓↑↑  
15/2-   1401.67                           ⇑↑↑  
3/2-   
 
 1220.23                           ⇑↓↑  
13/2-   1179.43                           ⇑↑↓  
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Table 5.2 Band-head energy calculations for the 3qp bands having configurations of               
the type nnp/npp (Contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            Configuration Kpi       Ecal.        Spin.    Kpi      Eexpt.       Spin. 
177Lu 
 
15.  9/2[514]pi⊗7/2[514] ν ⊗9/2[624] ν   
7/2+   1140.52    ⇑↓↓  
11/2+   914.38    ⇑↑↑  
25/2+  
  
876.89    ⇑↓↑  
7/2+      854.52   ⇓↓↑  
7/2+   1336.5      ⇑↓↓  
25/2+ 
 
1325        ⇑↓↑  
7/2+   1241.5      ⇓↓↑  
11/2+  1230.4     ⇑↑↑  
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Table 5.3 Band-head energy calculations for the 3qp bands having configurations of               
the type nnn/ppp. 
            Configuration Kpi        Ecal.           Eexpt.          Spin.    
 
173Hf 
 
1.     1/2[521]ν⊗5/2[512] ν⊗7/2[633] ν    
 
 
175Ta 
 
2.       5/2[402]pi⊗7/2[404]pi⊗9/2[514] pi    
 
 
177W 
 
3.        5/2[512]ν⊗7/2[514]ν⊗7/2[633] ν    
 
 
 
179W 
 
4      9/2[624]ν⊗7/2[514]ν⊗7/2[633] ν    
 
 
183W 
 
 
5        9/2[624]ν⊗11/2[615]ν⊗3/2[512] ν    
 
 
 
 
6        7/2[514]ν⊗11/2[615]ν⊗1/2[510] ν    
 
 
 
11/2+      1825.67                       ↑↑↑  
13/2+        1273.35      1077.4       ↓↑↑  
3/2+           1149.95                       ↓↓↑    
1/2+         1083.67                      ↓↑↓    
 
7/2-         1680.78                       ↑↑↑  
21/2-        1112.49    1565.9       ↑↓↑  
11/2-        1069.84                      ↓↓↑  
3/2-           830.72                       ↑↓↓  
 
5/2+        1937.74                       ↑↑↑  
19/2+        1689.90     1645.5        ↑↓↑  
9/2+           1525.50                       ↓↓↑  
5/2+        1295.74                       ↑↓↓  
 
9/2-        1983.28                        ↑↑↑  
23/2-      1814.82   1565.9          ↑↓↑  
5/2-        1526.84                        ↓↓↑    
9/2-        1397.28                        ↑↓↓  
 
17/2-       2590.49                      ↑↑↑  
23/2-        1983.26     2049.9        ↓↑↑  
5/2-           1799.95                       ↓↑↓  
1/2-        1776.77                       ↓↓↑  
 
5/2+      2658.08                         ↑↑↑  
17/2+      2244.62                         ↓↑↓  
19/2+     2180.71    1900.3          ↓↑↑    
3/2+      1969.99                         ↓↓↑    
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Table 5.3   Band-head energy calculations for the 3qp bands having configurations of 
the type nnn/ppp (Contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.5 CONCLUSIONS 
 
In this chapter, we presented many empirical rules, which are an extension of the 
earlier rules, for fixing the ordering of 3qp quadruplets in nnn/ppp and nnp/ppn 
configurations. We have also completed the earlier version of the empirical model by 
incorporating the contributions from the irrotational part, the rotor-particle coupling and the 
particle-particle coupling. If empirical fact is satisfied, then members of the 3qp quadruplet 
will have sufficient separation to resist any disturbance (in the ordering) due to the Newby 
shift, rotational, rotor-particle interaction and the particle-particle interaction. We propose 
that, if the empirical  observation that the GM splitting energy in odd-odd 2qp doublet is of 
the order of 100 keV while is of the order of 400 keV in doubly even nuclei  is satisfied for 
nnp/ppn configurations, the state having all the spins in same direction ( )⇑↑↑  will be at the 
3rd position. Any apparent violation of this rule is due to a very low value of the GM 
splittings for like particles or  may be due to strong Coriolis mixing of the band-heads for a 
given 3qp quadruplet. As we have included all the possible contributions to band-head 
energies, so we hope that the present version of model will replace the earlier model of Jain 
            Configuration Kpi        Ecal.           Eexpt.          Spin.    
 
 
181Os 
 
 7      7/2[514]ν⊗9/2[624]ν⊗7/2[633] ν    
 
 
185Os 
 
 
 8      1/2[521]ν⊗7/2[503]ν⊗11/2[615] ν    
 
 
 
 
9/2-        2011.38                        ↑↑↑  
23/2-        1842.50     1876.7        ↓↑↑  
5/2-        1555.06                        ↓↓↑  
9/2-           1425.38                        ↓↑↓  
 
17/2+      2328.12                       ↑↑↑  
19/2+        1719.18    1591.2         ↓↑↑  
3/2+           1575.70                       ↓↑↓  
5/2+        1566.76                       ↓↓↑  
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and Jain (1992) and will be useful for experimentalists for configuration assignments. By 
including more accurate estimates of pairing energies (by using BCS or BBBCS  or LN 
method) and the quasiparticle energies in the case of Coriolis mixed orbitals in the present 
model, more exact matching with the experimental data can be achieved.  
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CHAPTER 6 
APPLICATIONS OF THREE-QUASIPARTICLE PLUS 
ROTOR MODEL 
 
6.1 INTRODUCTION 
 
The Particle-Rotor Models have proved to be valuable tools in understanding the 
phenomena of odd-even staggering, signature splitting and signature inversion in odd-A, 
odd-odd and even-even nuclei (Jain and Jain, 1984; Jain et al., 1989; Goel and Jain, 1992). 
Similar features have been noticed in the three-quasiparticle (3qp) rotational bands also. 
Their explanation and understanding remains incomplete so far. In this chapter we use the 
Three-Quasiparticle Plus Axially Symmetric Rotor Model (TQPRM) for an explanation of 
the various features exhibited by the 3qp rotational bands and highlight the underlying 
causes responsible for these features. Our main focus in this chapter will be an explanation 
of the signature splitting, and signature inversion exhibited by the 3qp rotational bands, 
study of phase change in all the four members of a given 3qp quadruplet and prediction of 
band-head if low lying members of a given 3qp band are not known. 
The Coriolis mixing is generally responsible for the odd-even staggering in rotational 
bands. Therefore, in order to reproduce the experimentally observed staggering behavior in 
the 3qp rotational bands, we have undertaken a Coriolis mixing of the 3qp bands with higher 
order mixing taken into account.  
In section 6.2, we discuss some special issues involved in the 3qp Coriolis 
calculations and the choice of the parameters used in our calculations. In section 6.3, we 
present the detailed results of our calculations and discuss the effect of Coriolis coupling in 
the various bands. We summarize the results in section 6.4. 
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6.2 CHOICE OF THE PARAMETERS 
 
There are mainly two major issues involved in these calculations.  
 
1. For a given 3qp configuration, we have four band-heads and hence four different 
rotational bands. Thus, even for a small number of 3qp configurations, we get a 
large number of 3qp interacting bands and hence Coriolis mixing becomes quite 
complex. In order to avoid this problem during the preliminary testing of the 
present model, we have considered only those 3qp configurations which involve 
a relatively low- Ω  orbitals, so that we get a small basis and hence a relatively 
small number of interacting bands. 
2. In addition to this, the experimental data are still scarce so that most of the 
important bands taking part in the Coriolis mixing are not known. In order to 
overcome this problem we calculate the band-head energies for all the interacting 
bands. We have applied the revised version (presented in chapter 5) of the 
empirical model initially proposed by Jain and Jain (1992) for the band-head 
calculations. But the exact estimation of the band-head energies by using this 
model is still a problem due to non-availability of the experimental data for the 
Gallagher-Moszkowski (GM) splitting as well as the Newby shift energies of all 
the two-quasiparticle (2qp) doublets comprising the 3qp configurations. In order 
to handle these situations, we obtain the energies for all the three-quasiparticles 
in a given 3qp configuration by using the known properties of the involved one-
quasiparticle (1qp) configuration from the neighboring odd-A nuclei (Jain et al., 
1990). Due to the non-availability of data for GM splitting energies, we have 
used the estimated values from Kondev (1996) and these are 368 keV and 400 
keV for h9/2 ⊗ i13/2, i13/2 ⊗ i13/2 neutron-neutron pairs respectively. The Newby 
shift is taken as a free parameter if data are not available. However, the sign of 
the Newby shift is estimated by using the relation given by Sood and Ray (1986) 
for odd-odd nuclei and the information that the Newby shift in even-even nuclei 
must reverse its sign under similar conditions (Goel and Jain, 1992). Another 
difficulty in these band-head energy calculations is the estimation of appropriate 
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value of inertia parameter for a given 3qp band. For experimentally observed 3qp 
bands, inertia parameter is calculated by using the first two energy levels and for 
other bands; it is taken as a free parameter.  
 
With the existing experimental data and the above choice of parameters, we are able to 
reproduce the phase of staggering in the various 3qp rotational bands. In order to compare 
the magnitude of staggering with the experimental data, we attenuate the i13/2  ' 'j m J jm+  
matrix elements by 45-50% and the other ' 'j m J jm+  matrix elements by 5-10%. Only a 
minor variation in the inertia parameter has been done for the 3qp bands having considerable 
contribution to the given band. 
 
6.3 RESULTS AND DISCUSSION 
 
We have applied this model to three different nuclides and two different 3qp 
configurations. In order to reduce the size of the basis and hence the number of interacting 
bands taking part in the Coriolis mixing, we have chosen only those experimentally 
observed 3qp bands for which the basis would be small. In the following sections, we 
discuss the behavior and properties of the 3qp bands in more details. 
 
6.3.1 Signature splitting in 155Dy   
 
The  3 1 1[521] [660] [660]
2 2 2ν ν ν
⊗ ⊗  bands in 155Dy (Vlastou et al., 1994) is a good 
example for testing the validity of our model because experimentally observed 3qp band in 
this nuclide consists of low- Ω  and high-j orbitals as a result of which the basis and hence 
the number of  interacting bands taking part in the Coriolis mixing can be kept small. 
Secondly this band exhibits a pronounced staggering. Vlastou et al. (1994) observed only 
one 3qp band in 155Dy and identified it a as a three-quasineutron band with the configuration 
given by 3 1 1[521] [660] [660]
2 2 2ν ν ν
⊗ ⊗  in the spin range 25/2- to 93/2-. For a given 3qp 
configuration, we have four band-heads which for the present case are 5/2-, 3/2-, 3/2- and 
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1/2-. From the available experimental information, it is not possible to decide to which band-
head (out of above four) the experimentally observed band corresponds. In order to resolve 
this problem as well as in order to reproduce the experimentally observed staggering 
behavior, we have carried out the Coriolis mixing calculations by using the TQPRM. In 
these calculations, we have included 48 bands as shown in Table 6.1. We have obtained the 
single particle (s.p.) wave functions by using the Nilsson model. We have used the 
deformation parameters as 2ε =0.200, 4ε =-0.027 (Moller et al., 1995) and Nilsson model 
parameters as κ =0.0636, µ =0.393 (Jain et al., 1990). By using the s.p. wave functions 
from the Nilsson model, we have calculated the ' 'j m J jm+  matrix elements which are 
given in the parentheses in Table 6.1. We have also listed other parameters such as Eα , 
inertia parameters, and the Newby shift values used for the Coriolis calculations of 155Dy. 
We have not tried to fit  the whole band except for a reduction of the ' 'j m J jm+  matrix 
elements within the meaningful limits and minor variation of the inertia parameter of the 
bands having major contribution to a given 3qp band. The results are presented in Fig. 6.1(a-
d) for all the four members of a given 3qp configuration. The features we have extracted 
from the Coriolis calculations for all the four members of a given quadruplet are given 
below: 
 
(1) The 5 3 1 1: [521] [660] [660]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗  band 
 
The band under discussion has been observed experimentally in the spin 
range I=25/2- to 93/2- (Vlastou et al., 1994). But we are interested in the spin range 
from 25/2- to 71/2- only, because at I=73/2-, this band changes to five quasiparticle 
band (5qp) band. The decrease in the magnitude of staggering (in experimental 
curve) in the spin range 67/2- to 71/2- is due to its change in character from 3qp to 
5qp. From Fig. 6.1(a), it is clear that the phase of staggering for the calculated 
5
2
K pi
−
= band is exactly same as that of the experimentally observed band. On the 
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basis of the phase of staggering (Fig. 6.1(a)), we assign 3 1 1 5
2 2 2 2
K pi
−
= + + =  band-
head spin to this band. Experimental data are represented by the red line and 
calculated results are shown by the black line. The chain of important 3qp bands 
taking part in the Coriolis mixing calculations for the given 3qp band is shown in 
Fig. 6.2. From this Figure it is clear that rotor-particle coupling terms play major role 
for the observed signature splitting in the band under discussion. In this Figure we 
have given only those bands which have appreciable contribution (>15%) to a given 
3qp band under discussion. The various terms along with the coupling conditions are 
also shown in this Figure which makes a direct connection of the given band with 
other bands having appreciable contribution. 
 
 (2) The 3 3 1 1: [521] [660] [660]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗  band 
 
The staggering pattern for this band is presented in Fig. 6.1(b). This band also 
exhibits a pronounced signature splitting. 
 
(3) The 3 3 1 1: [521] [660] [660]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗  band 
 
  The staggering pattern for this band is presented in Fig. 6.1(c). This 
band also exhibits a pronounced signature splitting.  
 
(4) The 1 3 1 1: [521] [660] [660]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗  band 
 
Similar to other members of the given 3qp quadruplet, this band also exhibits 
a pronounced staggering as shown in Fig 6.1(d). It should be noted that this band is 
pure in nature i.e. there is no any mixing of this band with any other band of the 
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given basis, so the magnitude of staggering is constant throughout the whole spin 
range. 
 From the Coriolis calculations for 155Dy we have noted that phase of 
staggering does not remain same for all the members of given a 3qp quadruplet. 
From Fig. 6.1(a-d), it is clear that the bands 3 1 1 3
2 2 2 2
K pi
−
= + − = , 
3 1 1 3
2 2 2 2
K pi
−
= − + = and 3 1 1 1
2 2 2 2
K pi
−
= − + + = are in phase with respect to each 
other but the 3 1 1 5
2 2 2 2
K pi
−
= + + = band is out of phase with respect to the other 
members of quadruplet. The magnitude of staggering in case of 
3 1 1 5
2 2 2 2
K pi
−
= + + = band goes on increasing with increase in the spin value but in 
case of the 3 1 1 3
2 2 2 2
K pi
−
= − + =  and the 3 1 1 3
2 2 2 2
K pi
−
= + − = bands, the magnitude 
of staggering goes on decreasing with increase in the spin value. On the other hand, 
the 3 1 1 1
2 2 2 2
K pi
−
= − + + = band has constant magnitude of staggering due to its pure 
nature. Since only one member of given 3qp quadruplet has been observed 
experimentally, so observation of other members of given quadruplet will confirm 
the nature (phase and magnitude) of these bands as suggested by our calculations.  
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Table 6.1    Values of the parameters Eα , inertia parameter (
2
2ℑ
h ) and  Newby shift 
(EN) (for three pairs taking part in a given band) and j+ matrix elements used in 
Coriolis calculations for 155Dy. The values of j+ in the parentheses are from Nilsson 
model. The complete expression for Eα is given in chapter 4 (equation 4.21). 
 -------------------------------------------------------------------------------------------------------  
   S.                            Eα               
2
2ℑ
h
                         EN 
  No.                                      (keV)    (keV)         (keV) 
-----     -------------------------------------         --------    ---------    -------------------------------   
              Configuration                                                                   (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
  1.   7/2(5/2(512) ⊗1/2(660)⊗1/2(660))    3038.94    7.81                              
  2.   5/2(5/2(512) ⊗1/2(660)⊗1/2(660))    2370.94    7.81                         -100.0 
  3.   5/2(5/2(512) ⊗1/2(660)⊗1/2(660))    2370.94    7.81                         -100.0 
  4.   3/2(5/2(512) ⊗1/2(660)⊗1/2(660))    2302.94    7.81        
  5.   9/2(5/2(512) ⊗1/2(660)⊗3/2(651))    3238.33    8.81        
  6.   3/2(5/2(512) ⊗1/2(660)⊗3/2(651))    2470.33    8.81        
  7.   7/2(5/2(512) ⊗1/2(660)⊗3/2(651))    2470.33    8.81        
  8.   1/2(5/2(512) ⊗1/2(660)⊗3/2(651))    2502.33    8.81        
  9.   9/2(5/2(512) ⊗3/2(651)⊗1/2(660))    3238.33    9.81        
 10.  7/2(5/2(512) ⊗3/2(651)⊗1/2(660))    2470.33    9.81        
 11.  3/2(5/2(512) ⊗3/2(651)⊗1/2(660))    2470.33    9.81                                                      
 12.  11/2(5/2(512) ⊗3/2(651)⊗1/2(660))  2502.33    9.81                              
 13. 11/2(5/2(512) ⊗3/2(651)⊗3/2(651))   3437.73   10.81        
 14.  5/2(5/2(512) ⊗3/2(651)⊗3/2(651))     2739.73   10.81                        -70.0 
 15.  5/2(5/2(512) ⊗3/2(651)⊗3/2(651))     2739.73   10.81                        -70.0 
 16.  1/2(5/2(512) ⊗3/2(651)⊗3/2(651))     2701.73   10.81        
 17.  5/2(3/2(521) ⊗1/2(660)⊗1/2(660))     2147.05     7.81        
 18.  3/2(3/2(521) ⊗1/2(660)⊗1/2(660))     1479.05     6.81                        -100.0 
 19.  3/2(3/2(521) ⊗1/2(660)⊗1/2(660))     1479.05     6.81                        -100.0 
 20.  1/2(3/2(521) ⊗1/2(660)⊗1/2(660))     1411.05     5.00        
 21.  7/2(3/2(521) ⊗1/2(660)⊗3/2(651))      2346.44   11.81        
 22.  1/2(3/2(521) ⊗1/2(660)⊗3/2(651))      1778.44     8.75                                      200.0 
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Table 6.1 (Contd.) 
 -------------------------------------------------------------------------------------------------------  
   S.                                 Eα               
2
2ℑ
h
                         EN 
  No.                                      (keV)    (keV)         (keV) 
-----     -------------------------------------         --------    ---------    -------------------------------   
              Configuration                                                                   (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 23.  5/2(3/2(521) ⊗1/2(660)⊗3/2(651))      1578.44   11.00     
 24.  1/2(3/2(521) ⊗1/2(660)⊗3/2(651))      1810.44   10.81                                      200.0 
 25.  7/2(3/2(521) ⊗3/2(651)⊗1/2(660))      2346.44   10.50            
 26.  5/2(3/2(521) ⊗3/2(651)⊗1/2(660))      1578.44   10.60        
 27.  1/2(3/2(521) ⊗3/2(651)⊗1/2(660))      1778.44   12.00       200.0 
 28.  1/2(3/2(521) ⊗3/2(651)⊗1/2(660))       1810.44  11.50       200.0 
 29.  9/2(3/2(521) ⊗3/2(651)⊗3/2(651))       2545.83   9.30                          
 30.  3/2(3/2(521) ⊗3/2(651)⊗3/2(651))       2047.83  11.50                       -70.0      200.0 
 31. 3/2(3/2(521) ⊗3/2(651)⊗3/2(651))        2047.83   9.30       200.0        -70.0    
 32.  3/2(3/2(521) ⊗3/2(651)⊗3/2(651))       2209.83   9.80       200.0                      200.0 
 33. 3/2(1/2(530) ⊗1/2(660)⊗1/2(660))        2532.02   8.65                       
 34. 1/2(1/2(530) ⊗1/2(660)⊗1/2(660))        1914.02   8.65                       -100.0       50.0    
 35. 1/2(1/2(530) ⊗1/2(660)⊗1/2(660))        1914.02   8.65         50.0       -100.0    
 36. 1/2(1/2(530) ⊗  1/2(660)⊗1/2(660))       1896.02   9.10         50.0                         50.0 
 37. 5/2(1/2(530) ⊗1/2(660)⊗3/2(651))        2731.41   9.05        
 38. 1/2(1/2(530) ⊗  1/2(660)⊗3/2(651))       1963.41   7.05        
 39. 3/2(1/2(530) ⊗1/2(660)⊗3/2(651))        2013.41   7.05         50.0            
 40. 3/2(1/2(530) ⊗1/2(660)⊗3/2(651))       2045.41   7.05          50.0 
 41. 5/2(1/2(530) ⊗3/2(651)⊗1/2(660))       2731.41   9.05                                          50.0 
 42. 3/2(1/2(530) ⊗  3/2(651)⊗1/2(660))      2013.41   6.05        
 43. 1/2(1/2(530) ⊗3/2(651)⊗1/2(660))       1963.41   9.05        
 44.  3/2(1/2(530) ⊗3/2(651)⊗1/2(660))      2045.41   9.05                                          50.0 
45.  7/2(1/2(530) ⊗3/2(651)⊗3/2(651))      2930.80   9.70        
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Table 6.1 (Contd.)  
-------------------------------------------------------------------------------------------------------  
   S.                      Eα               
2
2ℑ
h
                         EN 
  No.                                      (keV)    (keV)          (keV) 
-----     -------------------------------------         --------    ---------    -------------------------------   
              Configuration                                                                   (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
46. 1/2(1/2(530) ⊗3/2(651)⊗3/2(651))       2232.80   9.70                           -70.0 
 47. 1/2(1/2(530) ⊗  3/2(651)⊗3/2(651))      2232.80   9.70                          -70.0 
 48. 5/2(1/2(530) ⊗3/2(651)⊗3/2(651))       2194.80   9.70        
 
1 1[530] [530]
2 2 n
J+ =  -0.08450 (-1.69014) 
3 1[521] [530]
2 2 n
J+ =    0.21030 (4.20567) 
5 3[512] [521]
2 2 n
J+ =   0.19580 (3.91661)   
 
 
1 1[660] [660]
2 2 n
J+ =  -2.64130 (-6.60315) 
3 1[651] [660]
2 2 n
J+ =   2.95170 (6.55943) 
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                                                                                                I (η)     
 
Fig.6.1 (a-d) Odd-even staggering plots for 155Dy. The TQPRM calculations are  
                    represented by the black line and the experimental data by the red line. 
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                      (25)                             (33)                          (21) 
 
                                                        C3   RPC                 A1   RPC                       
                                                                                                              
                                                          (36)                          (29)                                                  
Fig. 6.2 Chain of the 3qp bands taking part in the Coriolis mixing calculations of 155Dy.   
  Various coupling conditions (denoted by A1, D1 etc.) are defined in section    
 4.3.2 of chapter 4. Band# (denoted by (36), (29) etc.) corresponds to the serial 
number given in Table 6.1. The abbreviations RPC and PPC denote the rotor-particle 
and the particle-particle couplings respectively. 
 
 
 
5 3 1 1(17) : [521] [660] [660]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗
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6.3.2 Signature splitting in 165W 
 
The  3 3 3[521] [651] [651]
2 2 2ν ν ν
⊗ ⊗  configuration in 165W (Simpson et al., 1992) is 
another good example for testing the validity of our model. This band provides the testing 
ground for handling a larger basis by the present version of our model. We have considered 
this nuclide because of the following reasons: 
 
1. The experimentally observed 3qp band in this nuclide exhibits signature splitting 
as well as signature inversion phenomena. Reproduction of splitting as well as 
inversion behavior in this band will confirm the validity of our model for an 
explanation of the signature effects (splitting as well as inversion) in the 3qp 
rotational bands.  
2. Even though the given band under discussion consists of low- Ω  and high-j 
orbitals, the number of interacting bands are quite large (about three times) as 
compared to the number of interacting bands in 155Dy discussed earlier. 
Successful reproduction of phase as well as inversion in this given band will give 
us an idea about handling of very large bases. 
3. From the available experimental information, it is not possible to decide to which 
band-head (out of 9/2-, 3/2-, 3/2- and 3/2- ) the experimentally observed band 
corresponds. Secondly, the spin assignments for the 1
2
α = +  signature branch are 
tentative in literature. Reproduction of signature effects in the given band will 
help in the identification of band-head as well as in confirmation of the spin 
assignments for the 1
2
α = +  branch.  
 
In order to resolve these questions, we have carried out the Coriolis mixing 
calculations by using the TQPRM. In these calculations, we have included 108 bands as 
shown in the Table 6.2. We have obtained the single particle (s.p.) wave functions by using 
the Nilsson model. We have used the deformation parameters as 2ε =0.158, 4ε =-0.007 
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(Moller et al., 1995) and Nilsson model parameters as κ =0.0636, µ =0.393 (Jain et al., 
1990). By using the s.p. wave functions from the Nilsson model, we have calculated the 
' 'j m J jm+  matrix elements which are given in the parentheses in Table 6.2. We have not 
tried to fit  the whole band except for a reduction of ' 'j m J jm+  matrix elements within 
meaningful limits and minor variation of the inertia parameter of the bands having major 
contribution to a given 3qp band. The results are presented in Fig. 6.3(a-d) for all the four 
members of a given 3qp configuration. The features we have extracted from the Coriolis 
calculations for all the four members of a given quadruplet are given below: 
 
(1) The 9 3 3 3: [521] [651] [651]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗ band 
 
The staggering pattern for this band is presented in Fig. 6.3(a). According to 
our Coriolis calculations, staggering pattern is not very regular over a large spin 
range. 
 
(2) The 3 3 3 3: [521] [651] [651]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗  band 
 
This member of the 3qp quadruplet has been observed experimentally in the 
spin range I=25/2- to 59/2- (Simpson et al., 1992) and exhibits a signature inversion 
at I=39/2-. From Fig. 6.3(b), it is clear that the phase of staggering as well signature 
inversion for this band has been successfully reproduced by our model. On the basis 
of the phase of staggering (Fig. 6.3(b)), we assign 3 3 3 3
2 2 2 2
K pi
−
= + − =  band-head 
spin to this band. Experimental data are shown by the red line and the calculated 
results are shown by the black line. The experimental observation of low spin 
members of this band will confirm the validity of our band-head assignment. Our 
calculations shows the point of inversion at I=35/2-(indicated by black arrow in Fig. 
6.3(b)), which is two units lower than the experimental point of inversion (I=39/2-; 
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indicated by red arrow in Fig. 6.3(b)). Secondly the magnitude of staggering at 
higher spin value is large as compared to the experimental observation. These two 
inconsistencies in the calculations are mainly due to the non availability of 
experimental data (band-head energies and inertia parameter) for all the interacting 
bands. Also the number of interacting bands is very large as compared to the number 
of interacting bands in the Coriolis calculations of 155Dy  
It should be noted that only one band (out of the 108 interacting bands) is 
experimentally observed and we have adjusted the matrix elements as well as the 
inertia parameters (Table 6.2) of major contributing bands for controlling the 
magnitude of staggering in the calculated results. In Fig. 6.3(e) we have shown the 
results for this band without any fitting except for a 45% reduction of the i13/2 matrix 
elements and a 10% reduction of other matrix elements. From this Figure it is clear 
that the phase as well as the point of inversion is exactly the same as the 
experimental observation, which confirms the validity of our model for reproduction 
of signature splitting as well as signature inversion in 3qp rotational bands. No doubt 
magnitude of staggering in these calculations (Fig.6.3 (e)) is large as compared to the 
experimental data, but it can be reduced by minor variations of the inertia parameters 
as shown in Fig. 6.2(b). The chain of important 3qp bands taking part in the Coriolis 
mixing calculations for the given 3qp band is shown in Fig. 6.4. From this Figure it 
is clear that the rotor-particle coupling terms play a major role for observed signature 
splitting in the band under discussion. In this Figure we have given only those bands 
which have appreciable contribution (>15%) to a given 3qp band under discussion. 
The various terms along with the coupling conditions are also given in this Figure.  
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(3) The 3 3 3 3 3, : [521] [651] [651]
2 2 2 2 2
K pi ν ν ν
− −
= ⊗ ⊗  bands  
 
The staggering patterns for these bands are presented in Fig. 6.3(c-d). 
According to the Coriolis calculations, staggering pattern is regular at higher spin 
values. 
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Table 6.2    Values of the parameters Eα , inertia parameter (
2
2ℑ
h ) and  Newby shift 
(EN) (for three pairs taking part in a given band) and j+ matrix elements used in 
Coriolis calculations for 165W. The values of j+ in the parentheses are from Nilsson 
model. The complete expression for Eα is given in chapter 4 (equation 4.21).  
 -------------------------------------------------------------------------------------------------------  
   S.                                 Eα                   
2
2ℑ
h
                      EN 
  No.                                      (keV)         (keV)         (keV) 
-----     -------------------------------------         --------    ---------    -------------------------------   
              Configuration                                                                   (1, 2)       (2, 3)       (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 1.  7/2(5/2(512) ⊗1/2(660)⊗1/2(660))     2184.43      6.00                       
  2.  5/2(5/2(512) ⊗1/2(660)⊗1/2(660))     1557.67       6.11                     -140.0 
  3.  5/2(5/2(512) ⊗1/2(660)⊗1/2(660))     1556.43       6.00                     -140.0 
  4.  3/2(5/2(512) ⊗1/2(660)⊗1/2(660))     1448.43       6.00  
  5.  9/2(5/2(512) ⊗1/2(660)⊗3/2(651))     2282.72       6.97  
  6.  3/2(5/2(512) ⊗1/2(660)⊗3/2(651))     1514.72       5.99  
  7.  7/2(5/2(512) ⊗1/2(660)⊗3/2(651))     1514.72       7.00  
  8.  1/2(5/2(512) ⊗1/2(660)⊗3/2(651))     1546.72       7.00  
  9. 11/2(5/2(512) ⊗1/2(660)⊗5/2(642))    2148.38       8.00                                             
 10. 1/2(5/2(512) ⊗1/2(660)⊗5/2(642))     1490.38       8.18      110.0 
 11. 9/2(5/2(512) ⊗1/2(660) ⊗5/2(642))    1380.38       8.00  
 12. 1/2(5/2(512) ⊗1/2(660)⊗5/2(642))     1522.38       8.00                                       110.0 
 13. 9/2(5/2(512) ⊗3/2(651)⊗1/2(660))     2282.72       9.00        
 14. 7/2(5/2(512) ⊗3/2(651)⊗1/2(660))     1514.72       9.03        
 15. 3/2(5/2(512) ⊗3/2(651)⊗1/2(660))     1514.72       9.00        
 16. 1/2(5/2(512) ⊗3/2(651)⊗1/2(660))     1546.72       9.00        
 17.11/2(5/2(512) ⊗3/2(651)⊗3/2(651))     2381.00     10.00        
 18. 5/2(5/2(512) ⊗3/2(651)⊗3/2(651))      1683.00     10.00                        -70.0 
 19. 5/2(5/2(512) ⊗3/2(651)⊗3/2(651))      1683.00     10.00                        -70.0 
 20. 1/2(5/2(512) ⊗3/2(651)⊗3/2(651))      1645.00       8.00   
 21.13/2(5/2(512) ⊗3/2(651)⊗5/2(642))     2246.66       7.90   
 22. 3/2(5/2(512) ⊗3/2(651) ⊗5/2(642))    1588.66       7.90                                      110.0   
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 Table 6.2 Contd. 
 -------------------------------------------------------------------------------------------------------  
   S.                                Eα                     
2
2ℑ
h
                        EN 
  No.                                      (keV)          (keV)            (keV) 
-----     -------------------------------------            --------    ---------    ------------------------------   
              Configuration                                                                     (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 23.  7/2(5/2(512) ⊗3/2(651)⊗5/2(642))     1478.66      7.90   
 24.  3/2(5/2(512) ⊗3/2(651)⊗5/2(642))     1620.66      7.91                                       110.0  
 25.11/2(5/2(512) ⊗5/2(642)⊗1/2(660))     2148.38      7.50              
 26.  9/2(5/2(512) ⊗5/2(642)⊗1/2(660))     1380.38      7.51   
 27.  1/2(5/2(512) ⊗5/2(642)⊗1/2(660))     1490.38      7.51         110.0 
 28.  1/2(5/2(512) ⊗5/2(642)⊗1/2(660))     1522.38      7.50         110.0 
 29.13/2(5/2(512) ⊗5/2(642)⊗3/2(651))     2246.66      6.50        
 30.  7/2(5/2(512) ⊗5/2(642)⊗3/2(651))     1478.66      6.49      
 31.  3/2(5/2(512) ⊗5/2(642)⊗3/2(651))     1588.66      6.50         110.0        
 32.  3/2(5/2(512) ⊗5/2(642)⊗3/2(651))     1620.66      6.50         110.0  
 33.15/2(5/2(512) ⊗5/2(642)⊗5/2(642))     2112.32      7.50        
 34.  5/2(5/2(512) ⊗5/2(642)⊗5/2(642))     1624.32      7.50                      -170.0      110.0 
 35.  5/2(5/2(512) ⊗5/2(642)⊗5/2(642))     1624.32      7.47         110.0    -170.0 
 36.  5/2(5/2(512) ⊗5/2(642)⊗5/2(642))     1596.32      7.50         110.0                     110.0  
 37.  5/2(3/2(521) ⊗1/2(660)⊗1/2(660))     2232.44      8.50        
 38.  3/2(3/2(521) ⊗1/2(660)⊗1/2(660))     1604.44      9.00                      -140.0 
 39.  3/2(3/2(521) ⊗1/2(660)⊗1/2(660))     1604.44      8.50                      -140.0 
 40.  1/2(3/2(521) ⊗1/2(660)⊗1/2(660))     1496.44      8.50  
 41.  7/2(3/2(521) ⊗1/2(660)⊗3/2(651))     2330.72      9.50  
 42.  1/2(3/2(521) ⊗1/2(660)⊗3/2(651))     1722.72      9.50                                       160.0  
 43.  5/2(3/2(521) ⊗1/2(660)⊗3/2(651))     1562.72      9.50  
 44.  1/2(3/2(521) ⊗1/2(660)⊗3/2(651))     1754.72      9.55                                       160.0 
 45.  9/2(3/2(521) ⊗1/2(660)⊗5/2(642))     2196.38     10.50 
 46.  1/2(3/2(521) ⊗1/2(660)⊗5/2(642))     1428.38     10.50 
 47.  7/2(3/2(521) ⊗1/2(660)⊗5/2(642))     1428.38      10.50 
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Table 6.2 Contd. 
-------------------------------------------------------------------------------------------------------  
   S.                        Eα                             
2
2ℑ
h
                      EN 
  No.                              (keV)              (keV)                  (keV) 
-----     -------------------------------------         --------    ---------    -------------------------------   
              Configuration                                                                   (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 48.  3/2(3/2(521) ⊗1/2(660)⊗5/2(642))     1460.38      10.50 
 49.  7/2(3/2(521) ⊗3/2(651)⊗1/2(660))     2330.72     11.50 
 50.  5/2(3/2(521) ⊗3/2(651)⊗1/2(660))     1562.72     11.60 
 51.  1/2(3/2(521) ⊗3/2(651)⊗1/2(660))     1722.72     11.50    160.0  
 52.  1/2(3/2(521) ⊗3/2(651)⊗1/2(660))     1754.72     11.50    160.0 
 53.  9/2(3/2(521) ⊗3/2(651)⊗3/2(651))     2429.00      7.18  
 54.  3/2(3/2(521) ⊗3/2(651)⊗3/2(651))     1891.00      6.00                      -70.0        160.0 
 55.  3/2(3/2(521) ⊗3/2(651)⊗3/2(651))     1891.00      7.18     160.0        -70.0 
 56.   3/2(3/2(521) ⊗3/2(651)⊗3/2(651))    2013.00      7.18     160.0                        160.0 
 57.11/2(3/2(521) ⊗3/2(651)⊗5/2(642))     2294.66      6.70  
 58.  1/2(3/2(521) ⊗3/2(651)⊗5/2(642))     1526.66      6.72  
 59.  5/2(3/2(521) ⊗3/2(651)⊗5/2(642))     1686.66      6.70     160.0 
 60.  5/2(3/2(521) ⊗3/2(651)⊗5/2(642))     1718.66      6.70     160.0 
 61.  9/2(3/2(521) ⊗5/2(642)⊗1/2(660))     2196.38      8.90  
 62.  7/2(3/2(521) ⊗5/2(642)⊗1/2(660))     1428.38      8.90  
 63.  1/2(3/2(521) ⊗5/2(642)⊗1/2(660))     1428.38      8.90  
 64.  3/2(3/2(521) ⊗5/2(642)⊗1/2(660))     1460.38      8.90  
 65.11/2(3/2(521) ⊗5/2(642)⊗3/2(651))     2294.66      7.75  
 66.  5/2(3/2(521) ⊗5/2(642)⊗3/2(651))     1686.66      8.75                                       160.0 
 67.  1/2(3/2(521) ⊗5/2(642)⊗3/2(651))     1526.66      7.75  
 68.  5/2(3/2(521) ⊗5/2(642)⊗3/2(651))     1718.66      7.76                                       160.0 
 69.13/2(3/2(521) ⊗5/2(642)⊗5/2(642))     2160.32     11.30  
 70.  3/2(3/2(521) ⊗5/2(642)⊗5/2(642))     1562.32     11.30                   -170.0                
 71.  3/2(3/2(521) ⊗5/2(642)⊗5/2(642))     1562.32     11.30                   -170.0 
 72.  7/2(3/2(521) ⊗5/2(642)⊗5/2(642))     1424.32     11.30  
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Table 6.2 Contd. 
-------------------------------------------------------------------------------------------------------  
   S.                               Eα                       
2
2ℑ
h
                         EN 
  No.                                      (keV)         (keV)            (keV) 
-----     -------------------------------------         --------    ---------      -------------------------------   
              Configuration                                                                     (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 73.  3/2(1/2(530) ⊗1/2(660)⊗1/2(660))     3006.95     10.30  
 74.  1/2(1/2(530) ⊗1/2(660)⊗1/2(660))     2428.95     10.30                      -140.0      50.0 
 75.  1/2(1/2(530) ⊗1/2(660)⊗1/2(660))     2428.95     10.30          50.0     -140.0  
 76.  1/2(1/2(530) ⊗1/2(660)⊗1/2(660))     2370.95     10.30          50.0                     50.0 
 77.  5/2(1/2(530) ⊗1/2(660)⊗3/2(651))     3105.24       7.80  
 78.  1/2(1/2(530) ⊗1/2(660)⊗3/2(651))     2337.24       7.80  
 79.  3/2(1/2(530) ⊗1/2(660)⊗3/2(651))     2387.24       7.80          50.0 
 80.  3/2(1/2(530) ⊗1/2(660)⊗3/2(651))     2419.24       7.80          50.0 
 81.  7/2(1/2(530) ⊗1/2(660)⊗5/2(642))     2970.90       8.30  
 82.  3/2(1/2(530) ⊗1/2(660)⊗5/2(642))     2202.90       8.30  
 83.  5/2(1/2(530) ⊗1/2(660)⊗5/2(642))     2252.90       8.30          50.0 
 84.  5/2(1/2(530) ⊗1/2(660)⊗5/2(642))     2284.90       8.30          50.0 
 85.  5/2(1/2(530) ⊗3/2(651)⊗1/2(660))     3105.24       5.50  
 86.  3/2(1/2(530) ⊗3/2(651)⊗1/2(660))     2387.24       5.50                                      50.0 
 87.  1/2(1/2(530) ⊗3/2(651)⊗1/2(660))     2337.24       5.50  
 88.  3/2(1/2(530) ⊗3/2(651)⊗1/2(660))     2419.24       5.50                                      50.0 
 89.  7/2(1/2(530) ⊗3/2(651)⊗3/2(651))     3203.52     10.30  
 90.  1/2(1/2(530) ⊗3/2(651)⊗3/2(651))     2505.52     10.30                       -70.0                 
 91.  1/2(1/2(530) ⊗3/2(651)⊗3/2(651))     2505.52     10.30                       -70.0 
 92.  5/2(1/2(530) ⊗3/2(651)⊗3/2(651))     2467.52     10.30  
 93.  9/2(1/2(530) ⊗3/2(651)⊗5/2(642))     3069.18     10.70  
 94.  1/2(1/2(530) ⊗3/2(651)⊗5/2(642))     2301.18     10.70  
 95.  3/2(1/2(530) ⊗3/2(651)⊗5/2(642))     2301.18     10.70  
 96.  7/2(1/2(530) ⊗3/2(651)⊗5/2(642))     2333.18     10.70  
 97.  7/2(1/2(530) ⊗5/2(642)⊗1/2(660))     2970.90       9.25  
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 Table 6.2 Contd. 
-------------------------------------------------------------------------------------------------------  
   S.                                  Eα                     
2
2ℑ
h
                    EN 
  No.                                         (keV)        (keV)          (keV) 
-----     -------------------------------------         --------    ---------    -------------------------------   
              Configuration                                                                     (1, 2)      (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 98.  5/2(1/2(530) ⊗5/2(642)⊗1/2(660))      2252.90      9.25                                       50.0     
 99.  3/2(1/2(530) ⊗5/2(642)⊗1/2(660))      2202.90      9.25       
100. 5/2(1/2(530) ⊗5/2(642)⊗1/2(660))      2284.90      9.25                                       50.0 
101. 9/2(1/2(530) ⊗5/2(642)⊗3/2(651))     3069.18       8.75       
102. 3/2(1/2(530) ⊗5/2(642)⊗3/2(651))     2301.18       8.75       
103. 1/2(1/2(530) ⊗5/2(642)⊗3/2(651))     2301.18       8.75       
104. 7/2(1/2(530) ⊗5/2(642)⊗3/2(651))     2333.18       8.75       
105.11/2(1/2(530 ⊗5/2(642 ⊗5/2(642))     2934.84       8.10       
106. 1/2(1/2(530) ⊗5/2(642)⊗5/2(642))     2336.84       8.10                     -170.0   
107. 1/2(1/2(530) ⊗5/2(642)⊗5/2(642))     2336.84       8.10                     -170.0 
108. 9/2(1/2(530) ⊗5/2(642)⊗5/2(642))     2198.84       8.10   
 
1 1[530] [530]
2 2 n
J+ =  -0.39400 (-3.94008) 
3 1[521] [530]
2 2 n
J+ =   0.43740 (4.37420) 
5 3[512] [521]
2 2 n
J+ = 0.39280 (3.92777) 
 
1 1[660] [660]
2 2 n
J+ =  -3.07690(-6.83764) 
3 1[651] [660]
2 2 n
J+ =   3.04730(6.77175) 
5 3[642] [651]
2 2 n
J+ = 2.95650(6.56993) 
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Fig. 6.3(a-e) Same as Fig. 6.1 but for 165W. Arrow indicates the point of inversion. 
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Fig. 6.4 Chain of the 3qp bands taking part in the Coriolis mixing calculations of 165W.  
Various coupling conditions (denoted by A1, D1 etc.) are defined in section 4.3.2 of chapter 
4. Band# (denoted by (58), (66) etc.) corresponds to the serial number given in Table 6.2.  
The abbreviations RPC and PPC denote the rotor-particle and the particle-particle couplings 
respectively. 
3 3 3 3(54) : [521] [651] [651]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗
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6.3.3 Signature splitting in 167W 
 
The  3 3 3[521] [651] [651]
2 2 2ν ν ν
⊗ ⊗  configuration in 167W (Theine et al., 1992) is 
another good example for testing the validity of our model. The main objectives for 
considering this case are the same as given in section 6.3.2 for 165W. It should be noted that 
the experimentally observed 3qp band in this nuclide has the same configuration as 
discussed for 165W. We have carried out the Coriolis mixing calculations by using the 
TQPRM by considering the same basis as considered for 165W and are given in Table 6.3 
along with the other inputs (Newby shift values and inertia parameters). We have obtained 
the s.p. wave functions by using the Nilsson model. We have used the deformation 
parameters as 2ε =0.183, 4ε =-0.013 (Moller et al., 1995) and Nilsson model parameters as 
κ =0.0636, µ =0.393 (Jain et al., 1990). By using the s.p. wave functions from the Nilsson 
model, we have calculated the ' 'j m J jm+  matrix elements which are given in the 
parentheses in Table 6.3. We have not tried to fit  the whole band except for a reduction of 
the ' 'j m J jm+  matrix elements within meaningful limits and minor variation of the 
inertia parameter of the bands having major contribution to a given 3qp band. The results are 
presented in Fig. 6.5(a-d) for all the four members of a given 3qp configuration. The 
features we have extracted from the Coriolis calculations for all the four members of a given 
quadruplet are given below: 
 
1. The 9 3 3 3: [521] [651] [651]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗ band 
 
The staggering pattern for this band is presented in Fig. 6.5(a). The Coriolis 
calculations suggest that magnitude of staggering is very small at higher spin values.  
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2. The 3 3 3 3: [521] [651] [651]
2 2 2 2
K pi ν ν ν
−
= ⊗ ⊗  band 
 
This member of 3qp quadruplet has been observed experimentally in the spin range 
I=25/2- to 61/2- (Theine et al., 1994) and exhibits a signature inversion at I=49/2-. 
From Fig. 6.5(b), it is clear that the phase of staggering as well signature inversion 
for this band has been successfully reproduced by our model. On the basis of the 
phase of staggering (Fig. 6.5(b)), we assign 3 3 3 3
2 2 2 2
K pi
−
= + − =  band-head spin to 
this band. Experimental data are represented by the red line and the calculated results 
are shown by the black lines. Arrow indicates the point of inversion. The 
experimental observation of low spin members of this band will confirm our spin 
assignments to the band-head under discussion. 
The chain of important 3qp bands taking part in the Coriolis mixing 
calculations for the given 3qp band is shown in Fig. 6.6. From this Figure it is clear 
that the rotor-particle coupling terms play a major role in the observed signature 
splitting in the band under discussion. In this Figure we have given only those bands 
which have appreciable contribution (>15%) to a given 3qp band under discussion. 
The various terms along with the coupling conditions are also given in this Figure.  
  
3.  The 3 3 3 3 3, : [521] [651] [651]
2 2 2 2 2
K pi ν ν ν
− −
= ⊗ ⊗  bands  
 
The staggering patterns for these bands are presented in Fig. 6.5(c-d). 
According to the Coriolis calculations, staggering pattern is regular at higher spin 
values. 
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Table 6.3 Values of the parameters Eα , inertia parameter (
2
2ℑ
h ) and  Newby shift (EN) 
(for three pairs taking part in a given band) and j+ matrix elements used in Coriolis 
calculations for 167W. The values of j+ in the parentheses are from Nilsson model. The 
complete expression for Eα is given in chapter 4 (equation 4.21).  
 -------------------------------------------------------------------------------------------------------  
   S.                                 Eα                 
2
2ℑ
h
                        EN 
  No.                                      (keV)       (keV)                     (keV) 
-----     -------------------------------------         --------    ---------    -------------------------------   
              Configuration                                                                   (1, 2)       (2, 3)       (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 1.  7/2(5/2(512) ⊗1/2(660)⊗1/2(660))    2182.59      6.05                        
  2.  5/2(5/2(512) ⊗1/2(660)⊗1/2(660))     1564.59       6.00                     -150.0 
  3.  5/2(5/2(512) ⊗1/2(660)⊗1/2(660))     1564.59       6.00                     -150.0 
  4.  3/2(5/2(512) ⊗1/2(660)⊗1/2(660))     1446.59       6.00  
  5.  9/2(5/2(512) ⊗1/2(660)⊗3/2(651))     2280.94       7.00  
  6.  3/2(5/2(512) ⊗1/2(660)⊗3/2(651))     1512.94       7.00  
  7.  7/2(5/2(512) ⊗1/2(660)⊗3/2(651))     1512.94       7.00  
  8.  1/2(5/2(512) ⊗1/2(660)⊗3/2(651))     1544.94       7.00  
  9. 11/2(5/2(512) ⊗1/2(660)⊗5/2(642))    2146.71       8.00                                             
 10. 1/2(5/2(512) ⊗1/2(660)⊗5/2(642))     1503.71       8.17      125.0 
 11. 9/2(5/2(512) ⊗1/2(660) ⊗5/2(642))    1378.71       7.99  
 12. 1/2(5/2(512) ⊗1/2(660)⊗5/2(642))     1535.71       8.00                                       125.0 
 13. 9/2(5/2(512) ⊗3/2(651)⊗1/2(660))     2280.94       9.00        
 14. 7/2(5/2(512) ⊗3/2(651)⊗1/2(660))     1512.94       9.00        
 15. 3/2(5/2(512) ⊗3/2(651)⊗1/2(660))     1512.94       9.00        
 16. 1/2(5/2(512) ⊗3/2(651)⊗1/2(660))     1544.94       9.00        
 17.11/2(5/2(512) ⊗3/2(651)⊗3/2(651))     2379.29     10.00        
 18. 5/2(5/2(512) ⊗3/2(651)⊗3/2(651))      1701.29     10.00                        -90.0 
 19. 5/2(5/2(512) ⊗3/2(651)⊗3/2(651))      1701.29     10.00                        -90.0 
 20. 1/2(5/2(512) ⊗3/2(651)⊗3/2(651))      1643.29     10.00   
 21.13/2(5/2(512) ⊗3/2(651)⊗5/2(642))     2245.06       7.90   
 22. 3/2(5/2(512) ⊗3/2(651) ⊗5/2(642))    1602.06       7.90                                      125.0   
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 Table 6.3 Contd.   
 -------------------------------------------------------------------------------------------------------  
   S.                                Eα                     
2
2ℑ
h
                         EN 
  No.                                      (keV)         (keV)            (keV) 
-----     -------------------------------------            --------    ---------    ------------------------------   
              Configuration                                                                     (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 23.  7/2(5/2(512) ⊗3/2(651)⊗5/2(642))     1477.06      7.90   
 24.  3/2(5/2(512) ⊗3/2(651)⊗5/2(642))     1634.06      7.90                                       125.0  
 25.11/2(5/2(512) ⊗5/2(642)⊗1/2(660))     2146.71      7.50              
 26.  9/2(5/2(512) ⊗5/2(642)⊗1/2(660))     1378.71      7.50   
 27.  1/2(5/2(512) ⊗5/2(642)⊗1/2(660))     1503.71      7.50         125.0 
 28.  1/2(5/2(512) ⊗5/2(642)⊗1/2(660))     1535.71      7.50         125.0 
 29.13/2(5/2(512) ⊗5/2(642)⊗3/2(651))     2245.06      6.50        
 30.  7/2(5/2(512) ⊗5/2(642)⊗3/2(651))     1477.06      6.50      
 31.  3/2(5/2(512) ⊗5/2(642)⊗3/2(651))     1602.06      6.55         125.0        
 32.  3/2(5/2(512) ⊗5/2(642)⊗3/2(651))     1634.06      6.50         125.0  
 33.15/2(5/2(512) ⊗5/2(642)⊗5/2(642))     2110.83      7.50        
 34.  5/2(5/2(512) ⊗5/2(642)⊗5/2(642))     1657.83      7.50                      -190.0      125.0 
 35.  5/2(5/2(512) ⊗5/2(642)⊗5/2(642))     1657.83      7.50         125.0    -190.0 
 36.  5/2(5/2(512) ⊗5/2(642)⊗5/2(642))     1624.83      7.50         125.0                     125.0  
 37.  5/2(3/2(521) ⊗1/2(660)⊗1/2(660))     2230.83      8.50        
 38.  3/2(3/2(521) ⊗1/2(660)⊗1/2(660))     1612.83      8.50                      -150.0 
 39.  3/2(3/2(521) ⊗1/2(660)⊗1/2(660))     1612.83      8.50                      -150.0 
 40.  1/2(3/2(521) ⊗1/2(660)⊗1/2(660))     1494.83      8.50  
 41.  7/2(3/2(521) ⊗1/2(660)⊗3/2(651))     2329.18      9.50  
 42.  1/2(3/2(521) ⊗1/2(660)⊗3/2(651))     1741.18      9.49                                       180.0  
 43.  5/2(3/2(521) ⊗1/2(660)⊗3/2(651))     1561.72      9.50  
 44.  1/2(3/2(521) ⊗1/2(660)⊗3/2(651))     1773.18      9.53                                       180.0 
 45.  9/2(3/2(521) ⊗1/2(660)⊗5/2(642))     2194.95     10.50 
 46.  1/2(3/2(521) ⊗1/2(660)⊗5/2(642))     1426.95     10.50 
 47.  7/2(3/2(521) ⊗1/2(660)⊗5/2(642))     1426.95     10.50 
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Table 6.3 Contd.   
-------------------------------------------------------------------------------------------------------  
   S.                               Eα                       
2
2ℑ
h
                       EN 
  No.                                      (keV)         (keV)                    (keV) 
-----     -------------------------------------         --------    ---------    -------------------------------   
              Configuration                                                                   (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 48.  3/2(3/2(521) ⊗1/2(660)⊗5/2(642))     1458.95     10.50 
 49.  7/2(3/2(521) ⊗3/2(651)⊗1/2(660))     2329.18     11.50 
 50.  5/2(3/2(521) ⊗3/2(651)⊗1/2(660))     1561.18     11.50 
 51.  1/2(3/2(521) ⊗3/2(651)⊗1/2(660))     1741.18     11.50    180.0  
 52.  1/2(3/2(521) ⊗3/2(651)⊗1/2(660))     1773.18     11.50    180.0 
 53.  9/2(3/2(521) ⊗3/2(651)⊗3/2(651))     2427.00      7.18  
 54.  3/2(3/2(521) ⊗3/2(651)⊗3/2(651))     1929.53      7.18                      -90.0        180.0 
 55.  3/2(3/2(521) ⊗3/2(651)⊗3/2(651))     1929.53      7.29     180.0        -90.0 
 56.   3/2(3/2(521) ⊗3/2(651)⊗3/2(651))    2051.53      7.16     180.0                        180.0 
 57.11/2(3/2(521) ⊗3/2(651)⊗5/2(642))     2293.30      6.70  
 58.  1/2(3/2(521) ⊗3/2(651)⊗5/2(642))     1525.30      6.69  
 59.  5/2(3/2(521) ⊗3/2(651)⊗5/2(642))     1705.30      6.73     180.0 
 60.  5/2(3/2(521) ⊗3/2(651)⊗5/2(642))     1737.30      6.70     180.0 
 61.  9/2(3/2(521) ⊗5/2(642)⊗1/2(660))     2194.95      8.90  
 62.  7/2(3/2(521) ⊗5/2(642)⊗1/2(660))     1426.95      8.90  
 63.  1/2(3/2(521) ⊗5/2(642)⊗1/2(660))     1426.95      8.90  
 64.  3/2(3/2(521) ⊗5/2(642)⊗1/2(660))     1458.95      8.90  
 65.11/2(3/2(521) ⊗5/2(642)⊗3/2(651))     2293.30      7.63  
 66.  5/2(3/2(521) ⊗5/2(642)⊗3/2(651))     1705.30      7.75                                       180.0 
 67.  1/2(3/2(521) ⊗5/2(642)⊗3/2(651))     1525.30      7.75  
 68.  5/2(3/2(521) ⊗5/2(642)⊗3/2(651))     1737.30      7.75                                       180.0 
 69.13/2(3/2(521) ⊗5/2(642)⊗5/2(642))     2159.07     11.30  
 70.  3/2(3/2(521) ⊗5/2(642)⊗5/2(642))     1581.07     11.30                   -190.0                
 71.  3/2(3/2(521) ⊗5/2(642)⊗5/2(642))     1581.07     11.30                   -190.0 
 72.  7/2(3/2(521) ⊗5/2(642)⊗5/2(642))     1423.07     11.30  
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Table 6.3 Contd.   
-------------------------------------------------------------------------------------------------------  
   S.                                 Eα                       
2
2ℑ
h
                      EN 
  No.                                      (keV)           (keV)            (keV) 
-----     -------------------------------------         --------    ---------      -------------------------------   
              Configuration                                                                     (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 73.  3/2(1/2(530) ⊗1/2(660)⊗1/2(660))     3005.29     10.30  
 74.  1/2(1/2(530) ⊗1/2(660)⊗1/2(660))     2447.29     10.30                      -150.0      60.0 
 75.  1/2(1/2(530) ⊗1/2(660)⊗1/2(660))     2447.29     10.30          60.0     -150.0  
 76.  1/2(1/2(530) ⊗1/2(660)⊗1/2(660))     2389.29     10.30          60.0                     60.0 
 77.  5/2(1/2(530) ⊗1/2(660)⊗3/2(651))     3103.64       7.80  
 78.  1/2(1/2(530) ⊗1/2(660)⊗3/2(651))     2335.64       7.80  
 79.  3/2(1/2(530) ⊗1/2(660)⊗3/2(651))     2395.64       7.80          60.0 
 80.  3/2(1/2(530) ⊗1/2(660)⊗3/2(651))     2427.64       7.80          60.0 
 81.  7/2(1/2(530) ⊗1/2(660)⊗5/2(642))     2969.41       8.30  
 82.  3/2(1/2(530) ⊗1/2(660)⊗5/2(642))     2201.41       8.30  
 83.  5/2(1/2(530) ⊗1/2(660)⊗5/2(642))     2261.41       8.30          60.0 
 84.  5/2(1/2(530) ⊗1/2(660)⊗5/2(642))     2293.41       8.30          60.0 
 85.  5/2(1/2(530) ⊗3/2(651)⊗1/2(660))     3090.64       5.80  
 86.  3/2(1/2(530) ⊗3/2(651)⊗1/2(660))     2395.64       5.50                                      60.0 
 87.  1/2(1/2(530) ⊗3/2(651)⊗1/2(660))     2335.64       5.50  
 88.  3/2(1/2(530) ⊗3/2(651)⊗1/2(660))     2427.64       5.50                                      60.0 
 89.  7/2(1/2(530) ⊗3/2(651)⊗3/2(651))     3201.99     10.30  
 90.  1/2(1/2(530) ⊗3/2(651)⊗3/2(651))     2523.99     10.30                       -90.0                 
 91.  1/2(1/2(530) ⊗3/2(651)⊗3/2(651))     2523.99     10.30                       -90.0 
 92.  5/2(1/2(530) ⊗3/2(651)⊗3/2(651))     2465.99     10.30  
 93.  9/2(1/2(530) ⊗3/2(651)⊗5/2(642))     3037.76     10.70  
 94.  1/2(1/2(530) ⊗3/2(651)⊗5/2(642))     2299.76     10.70  
 95.  3/2(1/2(530) ⊗3/2(651)⊗5/2(642))     2299.76     10.70  
 96.  7/2(1/2(530) ⊗3/2(651)⊗5/2(642))     2331.76     10.70  
 97.  7/2(1/2(530) ⊗5/2(642)⊗1/2(660))     2969.41       9.25  
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 Table 6.3 Contd.   
-------------------------------------------------------------------------------------------------------  
   S.                                  Eα                   
2
2ℑ
h
                       EN 
  No.                                        (keV)       (keV)           (keV) 
-----     -------------------------------------         --------    ---------    -------------------------------   
              Configuration                                                                     (1, 2)       (2, 3)     (1, 3) 
------  -------------------------------------------  -----------  --------     ------------------------------- 
 98.  5/2(1/2(530) ⊗5/2(642)⊗1/2(660))      2261.41      9.25                                       60.0     
 99.  3/2(1/2(530) ⊗5/2(642)⊗1/2(660))      2201.41      9.25       
100. 5/2(1/2(530) ⊗5/2(642)⊗1/2(660))      2293.41      9.25                                       60.0 
101. 9/2(1/2(530) ⊗5/2(642)⊗3/2(651))     3067.76       8.75       
102. 3/2(1/2(530) ⊗5/2(642)⊗3/2(651))     2299.76       8.75       
103. 1/2(1/2(530) ⊗5/2(642)⊗3/2(651))     2299.76       8.75       
104. 7/2(1/2(530) ⊗5/2(642)⊗3/2(651))     2331.76       8.75       
105.11/2(1/2(530 ⊗5/2(642 ⊗5/2(642))     2933.52       8.10       
106. 1/2(1/2(530) ⊗5/2(642)⊗5/2(642))     2355.52       8.10                     -190.0   
107. 1/2(1/2(530) ⊗5/2(642)⊗5/2(642))     2355.52       8.10                     -190.0 
108. 9/2(1/2(530) ⊗5/2(642)⊗5/2(642))     2197.52       8.10   
 
1 1[530] [530]
2 2 n
J+ =  -0.18200 (-3.63964) 
3 1[521] [530]
2 2 n
J+ =   0.21300 (4.25947) 
5 3[512] [521]
2 2 n
J+ = 0.19130 (3.82585) 
 
1 1[660] [660]
2 2 n
J+ =  -3.39620(-6.79241) 
3 1[651] [660]
2 2 n
J+ =   3.36410(6.72818) 
5 3[642] [651]
2 2 n
J+ = 3.26600 (6.53191) 
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 Fig.6.5 (a-d) Same as Fig. 6.3(a-e). 
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Fig. 6.6 Chain of the 3qp bands taking part in the Coriolis mixing calculations of 167W.  
Various coupling conditions (denoted by A1, D1 etc.) are defined in section 4.3.2 of chapter 
4. Band# (denoted by (38), (58) etc.) corresponds to the serial number given in Table 6.3.  
The abbreviations RPC and PPC denote the rotor-particle and the particle-particle couplings 
respectively. 
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6.4 CONCLUSIONS 
 
From the Coriolis calculations for the 3qp rotational bands in three different 
nuclides, we have noted that the phase as well as magnitude of staggering do not remain 
same for all the members of a given 3qp quadruplet. No quantitative Coriolis calculations 
for 3qp bands have been reported in the literature so far. We have, in this chapter, presented 
for the first time, the results of detailed Coriolis mixing calculations and provided an 
explanation of the signature effects (signature splitting as well as signature inversion). It 
may be noted that no exact fitting has been attempted by us so far. Our TQPRM calculations 
suggest that the rotor-particle (Coriolis) terms play major role for the observed signature 
effects in the 3qp rotational bands. In our compilation (Singh et al. 2006b), we have pointed 
out that complete and confirmed quadruplet is yet to be observed in any nucleus. So it 
remains an open challenge for experimentalists to reliably identify a given 3qp quadruplet 
and rotational bands for each member of a quadruplet and hence to see the variation in phase 
of staggering in all the members of a given 3qp quadruplet.  
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CHAPTER 7 
 
CONCLUSIONS  
 
7.1 CONCLUSIONS 
 
Due to advanced gamma-ray detection facilities and highly sophisticated analysis 
procedures, we now have significant experimental data on the three-quasiparticle (3qp) 
states. The extraction of various features exhibited by the 3qp rotational bands and their 
explanation in terms of theoretical and semi-empirical approaches are the main objectives of 
the present thesis. In order to achieve these goals, we have done a systematic study of the 
3qp intrinsic excitations and the rotational bands based on them within the framework of 
Three-Quasiparticle Plus Axially Symmetric Rotor Model (TQPRM). The main findings of 
the research work are given below: 
 
1. We have presented the complete, confirmed and updated experimental 
information of 171 3qp rotational bands observed in 58 nuclei in the mass 
region153 187A≤ ≤ . We have pointed out the various high-spin features such as 
signature splitting, signature inversion, tilted rotation, band-termination, high-K 
isomers, back-bending/band-crossing etc. The various theoretical and semi-
empirical approaches existing in the literature for explanation of these features 
have been discussed in brief. 
2. An empirical rule which is an extension of the rule for the 2qp bands is devised 
to check the favored signature in the 3qp rotational bands. Its applications for 
confirmation of the spin/parity, configuration assignment and prediction of 
signature inversion in the unobserved part of the given band are discussed. We 
have also presented a statistical study of the one-quasiparticle (1qp) and 3qp 
excitations in the framework of Random Matrix Theory and pointed out that 
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there appears to be no loss of integrability while going from the 1qp excitations 
to the 3qp excitations. 
3. We have completed the existing model for the calculation of band-head energies 
by including the rotor-particle coupling, particle-particle coupling and 
irrotational contributions. On the basis of the revised model for the band-head 
energy calculations, we have also focused on the problem of fixing the ordering 
of all the members of a given quadruplet for nnn/ppp and npp/nnp configurations. 
New rules have been devised, which are further generalizations of the rules 
proposed earlier, to predict the ordering of the members of a quadruplet. 
4. The main part of the present thesis is the development of the TQPRM. Its 
complete theoretical formulation along with its applications for explanation of 
various features such as signature splitting and signature inversion has been 
discussed. We have noted that rotor-particle (Coriolis) terms are playing the 
major role in the observed signature effects. The variation of phase change with 
members of a 3qp quadruplet and the explanation of signature effects  within the 
framework of the TQPRM has been presented by us for the first time. 
5. Several computer codes in Fortran 77 has been written and tested in the course of 
these calculations. 
 
7.2 FUTURE STUDIES 
 
7.2.1 Theoretical residual interactions in odd-odd, even-even and odd-A nuclei 
 
Thanks to the large gamma ray facilities and sophisticated gamma-ray analysis 
techniques by virtue of which we have extensive data for odd-A, odd-odd and even-even 
nuclei. And thanks to International Network of Nuclear Structure and Decay Data for 
putting accurate and recent information about various nuclides in the form of Evaluated 
Nuclear Structure Data Files (ENSDF). Our future plan revolves around a theoretical 
calculation of residual interactions in odd-odd, even-even and odd-A nuclei by taking 
special care of the band mixing effects. This band mixing, both due to 1K∆ =   (Coriolis 
mixing) and 0K∆ = (odd-even shift), is quite significant in certain cases and it is quite 
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reasonable to extract unperturbed energies with the help of two-state and hence multistate 
mixing calculations. Calculation of bandhead energies including band mixing, rotational 
corrections and pairing energies from Bardeen, Cooper, and Schrieffer (BCS) or Blocked 
BBCS (BBCS) or Lipkin Nogami (LN) methods will give us realistic theoretical estimates 
for Gallagher-Moszkowski (GM) pairs and hence theoretical values of GM splitting 
energies. The point wise application of above calculations is given below: 
 
(i) The comparison of these theoretical estimates with experimental data will 
explore some important physical concepts responsible for residual 
interactions. 
(ii) The use of theoretical residual interactions in the calculation of band-head 
energies will give us theoretical band-head energies. This will be useful for 
experimentalists for configuration assignments to different bands. 
 
7.2.2 Complete theoretical study for three-quasiparticle rotational bands 
 
We have used simplest version of the TQPRM presented in this thesis. Our 
calculations did not incorporate all the possibilities of the formulation. It is, therefore, 
possible to carry out more general calculations than those presented in this thesis. For 
example we have used empirical value of nucleon-nucleon residual interactions as diagonal 
contributions but ignored the non diagonal contributions although it is possible to include 
them in principle. Secondly we have neglected non-diagonal matrix elements of irrotH . We 
have assumed that even-even core is always in its vibrational ground state so we neglect 
vibH term. In even-even nuclei some vibrational contribution may always be present. Thus, 
inclusion of above features along with the theoretical residual interactions may enhance the 
capability of the present version of the TQPRM. 
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7.2.3 Calculation of transition probabilities for three-quasiparticle rotational bands 
  
As presented in chapter 2, we now have a large amount of data (total 81 bands) for 
transition probabilities of 3qp rotational bands. We propose to be interested in the 
calculation of transition probabilities. These calculations will reflect the structural 
information as well as other useful information about the nuclei compiled in chapter 2. 
 
7.2.4 Band crossing in three-quasiparticle rotational bands and Three-Quasiparticle 
Plus Tri-axial Rotor model 
 
We are also interested in an explanation of the band-crossing phenomenon in the 3qp 
rotational bands. The principle motivation behind this interest is the understanding of phase 
change during band crossing; particularly in the 3qp configurations having one particle same 
(before and after crossing) and other two particles give signature 0α = , because it is the 
signature quantum number (α ) which decides favored/unfavored branch of the given band. 
Finally we will expand this model to the Three-Quasiparticle Plus Tri-axial Rotor Model for 
application to magnetic rotation and chiral rotation in a number of nuclides.  
 
7.2.5 Statistical analysis of multi-quasiparticle states 
 
It would be interesting to extend the statistical studies presented in thesis to four-
quasiparticle (4qp), five-quasiparticle (5qp) etc. excitations and locate the point where the 
transition from integral to chaotic behavior occurs.  
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